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The faerie dances on snowflakes, directing the moonbeams, saying “play, don’t work; laugh, 
don’t cry; wake, don’t sleep.” 
 
The bard reads his books and plays his music, teaching those who can listen that life is about 
“taking chances and trying new things.” 
 
The goddess sits beneath the willow, comforting the moon and arguing with the four winds; 
it has always been, and will always be Her.
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Abstract 
Fusarium ear rot, caused by Fusarium verticillioides, is one of the most common 
worldwide diseases of maize, causing yield and quality reductions as well as contamination 
of grain by fumonisins and other mycotoxins.  Drought stress and various insects have been 
implicated as factors affecting disease severity.  Three separate field studies were conducted 
during 2002 and 2003.  The first field study was conducted in Woodland, CA during 2002 
and 2003, to evaluate the relative influence of 1) drought stress at different stages of crop 
development, and 2) ear infestation by two species of insects, upon severity of Fusarium ear 
rot disease and fumonisin B1 contamination of commercial maize hybrids.  In each year, plots 
of three commercial hybrids varying in partial resistance to Fusarium ear rot were sown on 
three planting dates and subjected to four irrigation regimes that resulted in differing levels of 
drought stress in the plants.  A foliar-spray insecticide treatment (sprayed vs. unsprayed) also 
was imposed.  Populations of thrips (Frankliniella spp.) and damage by corn earworm 
(Helicoverpa zeae) in open-pollinated hybrid ears were assessed following pollination for all 
treatment combinations.  Fusarium ear rot symptoms were assessed on mature grain 
subsamples, which were then analyzed to quantify fumonisin B1.  For all hybrids, there were 
significant effects of planting date, insecticide treatment, and drought stress on Fusarium ear 
rot symptoms and fumonisin B1 contamination, and these factors also had significant 
interacting effects.  The hybrids displayed their expected differences in susceptibility to 
Fusarium ear rot, and the more susceptible hybrids often had higher fumonisin B1 levels and 
thrips populations, depending on planting date. Later planting dates typically had higher 
thrips populations, more Fusarium ear rot, and higher levels of fumonisin B1.  Plots treated 
with insecticide generally suffered lower levels of ear rot symptoms and fumonisin B1 
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contamination, especially in the susceptible hybrids and for the later planting dates when 
thrips populations were higher. Insecticide treatment successfully reduced thrips infestations 
in the Fusarium-susceptible hybrids, particularly for the later planting dates.  Effects of 
drought stress were less pronounced than those of the other treatment factors, and were 
evident primarily in plots without insect control. An irrigation regime that promoted drought 
stress at anthesis sometimes resulted in higher levels of ear rot symptoms and fumonisin B1 
contamination, but this effect was highly dependent on interactions with other factors. Intra-
ear thrips populations and corn earworm injury were significantly correlated with disease 
severity and fumonisin contamination, but the correlations were weaker for corn earworm 
damage compared to thrips.  The frequency of symptomatic kernels within a sample was 
strongly correlated with the concentration of fumonisin B1 in the sample.  In summary, the 
results of this study agree with past results implicating thrips as a primary factor of Fusarium 
ear rot severity in California, and associate thrips with potentially high levels of fumonisin B1 
in grain.  Thrips appear to be a stronger influence on disease severity and fumonisin B1 
contamination than earworm in this environment, and the historically higher disease severity 
in late plantings may be explained, at least in part, by higher thrips populations.  Drought 
stress treatments did not influence ear rot severity in the presence of large populations of 
thrips and corresponding high disease severity and mycotoxin levels. 
The second study was conducted in the 2002 and 2003 growing seasons in central 
California (Woodland), and the winter 2002 season in Hawaii (Waimea, island of Kauai).  
Plots were sown with a maize hybrid known to be susceptible to Fusarium ear rot.  Half of 
the plots in each planting were treated with insecticides three times following pollination, 
while the remaining plots were not treated.  Populations of intra-ear immature and adult 
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thrips were subsequently evaluated at six ear developmental stages for the number of 
immature and adult thrips within developing ears.  Grain samples from each plot were 
examined microscopically and the percentage of kernels with the silk-cut symptom was 
quantified on a weight basis.  Grain subsamples from each plot were also analyzed by ELISA 
to quantify fumonisin B1 contamination.  Maximum thrips populations for both locations and 
growing seasons occurred from 21 to 28 days after pollination (DAP).  In both locations, the 
immature stages of thrips, including larvae, propupae, and pupae, predominated within maize 
ears at the brown-silk (21 to 28 DAP) stage.  Insecticide treatment in all cases reduced 
numbers of adults and immatures within ears, as well as incidence of silk-cut symptom, and 
fumonisin B1 contamination. Numbers of immature thrips were higher than those of adults, 
and immature thrips populations were more strongly correlated with silk-cut symptoms (R = 
0.75) and fumonisin B1 accumulation (R = 0.53), as compared to adult thrips (R = 0.48 and R 
= 0.36, respectively). Incidence of silk-cut kernels was highly correlated with contamination 
of grain by fumonisin B1 (R = 0.84).  The results suggest that thrips are not simply occasional 
feeders on developing maize ears, but can complete a substantial portion of their life cycle on 
maize ears in Woodland and Waimea. The results also indicate that thrips oviposition and/or 
feeding may be implicated as causal factors of the silk-cut symptom that is common in many 
maize-growing areas, and this may be the mechanism that connects thrips activity with 
Fusarium ear rot and fumonisin contamination of grain. 
The third study was conducted in Hawaii, California, Kansas, Iowa, Tennessee, and 
Georgia during the 2002 and 2003 growing seasons, to evaluate the associations of maize 
production regions, planting date, hybrid varieties, and ear infesting insect pests with 
Fusarium kernel rot symptoms, and fumonisin B1 contamination.  In each season, plots of 
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susceptible and resistant commercial maize hybrids were sown on 3 planting dates.  Insects 
within open-pollinated hybrid ears at and following pollination were quantified for all 
genotype x planting date combinations at each location during each growing season.  Grain 
subsamples were inspected to determine percentage of kernels that were either visibly 
molded or showed the starburst symptom of Fusarium ear rot.  Grain samples were also 
analyzed by ELISA to quantify fumonisin B1 levels.  Across locations, hybrid and planting 
date were both frequently significant effects ( p ≤ 0.05 ). Insect populations varied across 
locations, and observed kernel damage was most attributable feeding intra-ear thrips 
infestations.  Maximum average intra-ear thrips populations were 161.8 (hybrid A, 2003), 
and 99.8 (hybrid B, 2002), in California and Hawaii.  Across the pooled dataset, intra-ear 
thrips population was more strongly correlated (R = 0.78) than percentage lepidopteran 
kernel damage (R = 0.37), with percent visibly molded kernels.  A similar trend was 
observed for the relationship between these two types of insects and the starburst symptom of 
Fusarium kernel rot.  The percentage of visibly molded kernels was highly correlated (R = 
0.89) with fumonisin B1 concentration (Table 4).  Though significant, the correlation 
between starburst kernels and fumonisin B1 (R = 0.18) was substantially weaker. Intra-ear 
thrips populations were more strongly correlated with fumonisin B1 concentration (R = 0.89), 
compared to the correlation between percentage of lepidopteran kernel damage and 
fumonisin B1 (R = 0.34).  A multiple linear regression model accounted for 84% (P < 0.001) 
of the variation in fumonisin B1.  Given the strong association between thrips, Fusarium ear 
rot, and fumonisin B1, producers in the global F. occidentalis host range should consider 
thrips as a factor in Fusarium ear rot and fumonisin B1 management. 
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CHAPTER 1 
 
INTRODUCTION AND JUSTIFICATION 
 
 
Thesis Organization 
 
 This thesis is organized into five chapters.  The first chapter contains the introduction, 
literature review, and research justification.  The second chapter describes field research of 
Fusarium ear rot conducted in a managed field environment in Woodland, CA in 2002 and 
2003.  Chapter three describes the relationship of intra-ear thrips infestations in Hawaii and 
California during 2002 and 2003 with the silk-cut phenotype and Fusarium ear rot.  Chapter 
four is a summary of a field study conducted across six states in 2002 and 2003 to assess the 
incidence and relative influence of insects and different Fusarium ear rot symptoms upon 
fumonisin B1 contamination.  Chapter five summarizes the collective body of research 
contained in this dissertation.  References are listed at the end of each chapter. 
Introduction 
Worldwide maize (Zea mays) production in 2004 was more than 140 million ha 
worldwide, with average global yields of 4.4 metric tons per hectare (USDA, 2005).  Maize 
trails only wheat and rice in global production land area.  In the US, 65-75% of domestic 
grain stocks have historically been used as feed for livestock and poultry, though recent 
policy changes to increase US energy independence have resulted in a dramatic increase in 
the utilization of grain for industrial applications, primarily ethanol production (Corn 
Refiners Association, 2007).  Of the 10 billion bushels of grain estimated to be used for 
domestic applications in 2007/2008, approximately 45% will be used for industrial processes, 
predominantly ethanol production.  Despite increases in ethanol production, estimates of 
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grain production utilized for animal feed are largely stable across years, due to increases in 
total maize production area and crop yields. 
Weeds, insects, pathogens, and adverse environmental conditions (e.g. drought or 
flood) can reduce maize grain yields and/or grain quality.  Insect feeding and insufficient soil 
moisture, while directly reducing the amount of harvestable grain, are also implicated as 
predisposing factors for infection and colonization of the host by fungi, including species of 
the genera Fusarium, Gibberella, Aspergillus, Nigrospora, and others (Payne, 1999).  
Colonization of grain tissues by these fungi may further reduce the amount of harvestable 
grain, or degrade grain quality and subsequent value in the marketplace.  Specifically, some 
Fusarium species produce secondary metabolic compounds (‘mycotoxins’), which, at 
sufficient concentrations, may render the grain inedible or toxic to domesticated animals and 
humans. 
Fusarium species cause at least two types of ear mold of maize.  Gibberella ear rot is 
caused by Fusarium graminearum.  Disease development is favored by moisture at silking 
(R1 stage), followed by warm (26-28 C), wet weather patterns (Miller, 2001).  Infection by 
F. graminearum often leaves grain contaminated with mycotoxins.  Under conditions of low 
oxygen tension, as found in actively growing host tissues during summer and early autumn, 
the fungal metabolite deoxynivalenol (DON) accumulates in grain (Miller & Blackwell, 
1986).  DON contamination at sufficient concentration causes feeding avoidance and 
decreased weight gain in swine (Munkvold et al., 1997c).  When oxygen tension is higher and 
ambient temperatures cooler, as found in senescent maize tissues later in autumn, the 
polyketide metabolite zearalenone predominates in tissues infected by F. graminearum (Hidy 
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et al., 1977).  Zearalenone contamination at sufficient levels causes reproductive impairment 
in swine (Munkvold et al., 1997c). 
Fusarium ear rot is caused primarily by Fusarium verticillioides (Sacc.) Nirenberg 
(syn. Fusarium moniliforme J. Sheldon, Fusarium section Liseola).  F. verticillioides is the 
anamorph of Gibberella moniliformis Wineland (Wineland, 1924), but also has been 
considered an anamorph of G. fujikuroi (Sawada) Ito in Ito & K Kimura (mating population 
A) (Desjardins, 2003). G. fujikuroi is heterothallic (self-sterile), requiring crosses by two 
different mating types for successful genetic recombination (Phinney and Spector 1967). 
Mating types are compatible if they possess the different mating type idiomorphs MAT-1 and 
MAT-2 (Leslie 1995; Kerenyi et al. 1999). G. fujikuroi has eight different identified mating 
populations (Leslie 1991; Leslie 1999), and 3 of these (mating populations A, D, and E) are 
fumonisin producers and pathogens of corn (Munkvold and Desjardins 1997). 
F. verticillioides is the most ubiquitous and well-studied producer of fumonisins in 
the genus Gibberella.  F. verticillioides produces fumonisins B1, B2, B3 and B4 (Proctor et al., 
2006).  The term ‘fumonisin’ was coined in 1988 to describe the class of mycotoxins 
associated with grain colonized by mycotoxigenic Fusarium species (Bezuidenhout et al., 
1988; Gelderblom et al., 1988).  Fumonisin B1 is the most prevalent and toxic, and thus the 
best studied (Musser and Plattner, 1997).  Fumonisin B1 is a secondary metabolite produced 
by F. verticillioides, and its production by the fungus is regulated by environmental 
conditions that favor the growth of the pathogen (Miller, 2001).   The accumulation of 
fumonisins in maize kernels is highly correlated with fungal biomass in the kernels (Miller 
and Greenhalgh, 1988, Waalwijk et al., 2008).  Unlike DON, though similar to zearalenone, 
fumonisins are most readily produced under conditions of high oxygen tension, usually 
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associated with senescent host tissues.  Low environmental pH (approximately 2.0) is also a 
prerequisite for optimal fumonisin production, and this condition is most readily achieved in 
senescent or decaying host tissues where starch is being metabolized (Miller, 2001).  
Collectively, these findings suggest that actively growing plant tissue (low oxygen tension, 
relatively neutral pH) is not a favorable environment for fumonisin production and 
persistence and is consistent with the relatively late occurrence in the host’s development 
cycle of Fusarium ear rot symptoms.  In culture, fumonisin B1 is optimally produced between 
15 and 25 degrees C, and maximum fungal growth rate increases with increasing water 
activity and temperature, up to 0.975 and 30 degrees C, respectively (Samapundo et al., 
2005).   
While isolation and identification of fumonisins is a fairly recent development, the 
detriments of feeding contaminated grain have long been described in the literature.  As early 
as 1902, leukoencephalomalacia (LEM) was described after horses were fed moldy grain.  
Sheldon implicated F. verticillioides as the cause of a condition termed ‘moldy maize 
toxicosis’ (Marasas, 1996).  LEM was reproduced in the 1970’s using pure F. verticillioides 
cultures (Marasas, 1996).  Feeding pure cultures of F. verticillioides to hogs and rats was 
shown to cause pulmonary edema (PES) and liver cancer, respectively (Colvin and Harrison, 
1992; Harrison et al., 1990; Haschek et al., 1992; Kellerman et al., 1990).  Fumonisins are 
also associated with human esophageal cancer (Cheng et al., 1985; Rheeder et al., 1992; 
Sydenham et al., 1990), and neural tube birth defects (Hendricks, 1999; Stack, 1998). 
Despite the ability of most F. verticillioides strains to biosynthesize fumonisins, they 
do not appear vital to Fusarium ear rot pathogenesis.  Naturally occurring F. verticillioides 
variants with differential ability to synthesize fumonisins B1, B2, and B3 did not vary in their 
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ability to produce Fusarium ear rot symptoms following silk channel inoculation (Desjardins 
& Plattner, 2000).  F. verticillioides  mutants with inactivated FUM1 gene activity were 
equally capable of producing ear mold symptoms following silk channel inoculation, 
compared to wild type controls with normal FUM1 gene function, capable of producing 
fumonisins B1, B2, and B3 (Desjardins et al., 2002).    Aggressiveness of F. verticillioides 
strains does not correlate well with fumonisin production potential (Jardine & Leslie, 1999). 
F. verticillioides, is worldwide in distribution, and also causes seedling, root, and 
stalk rots of maize (Kommedahl & Windels, 1981).  It is the most prevalent pathogen 
associated with corn.  Seed infection by F. verticillioides can reduce emergence and stand 
quality in the subsequent crop generation, and often leaves grain contaminated with 
mycotoxins.  Symptoms usually develop initially on ear tips, but may also manifest as 
scattered areas of infection over the ear surface (Payne, 1999).  Severely infected ears are 
covered with white to pink fungal mycelia, which colonize kernels, sap from ruptured kernel 
tissue, and husk leaves.  When infection is extremely severe, husk leaves are sometimes 
fused to the ear by the fungal mycelium (Farrar & Davis, 1991).  In some host genotypes and 
environments, the starburst symptom is more prevalent, and is characterized by white streaks 
beneath the pericarp, radiating basipetally from the kernel silkscar (Koehler, 1942; Payne, 
1999).  Fungal metabolism within the kernels results in a net decrease in grain dry matter 
content, kernel density, and total grain yield (Presello et al., 2007; Seitz et al., 1982).   
In addition to symptomatic kernels, F. verticillioides can be isolated from a large 
proportion of symptomless kernels, as well as host root, stalk, and leaf tissues (Foley, 1962; 
Munkvold and Carlton, 1997; Munkvold et al., 1997b).  The importance of this symptomless 
systemic infection is still unclear.  However, it appears that systemic infection alone 
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contributes little to ear mold symptoms and fumonisins (Desjardins et al., 2002; Munkvold et 
al., 1997b); it is only after a wound occurs (insect feeding, silk-cut, kernel-pop, etc.) that 
visible disease symptoms, other than the starburst symptom, are evident on the host ear 
tissues (Bacon et al., 1992; Headrick et al. 1990; Koehler, 1959). 
Colonized maize residues, as well as residues from a broad range of other host crops, 
provide overwintering refuge for the fungus (Booth, 1971).  Microconidia are generally the 
most frequent form of seed infection inoculum on the developing maize ears (Ooka & 
Kommedahl, 1977; Payne, 1999).  Insect wounds and exposed silks are the primary local 
infection sites upon which airborne F. verticillioides microconidia may land, germinate, 
colonize, and subsequently infect developing kernels through the silk scar (Munkvold et al., 
1997b). Initial descriptions of F. verticillioides infection of maize suggested that although 
silks and pedicels are infected shortly after flowering, infection of kernels does not occur 
until grain moisture reaches approximately 28%, at which point kernels are termed 
‘physiologically mature’ (Koehler, 1942).  Later studies suggested earlier kernel infection, 
though still significantly subsequent to initial infection of other ear tissues (King & Scott, 
1981).  Warfield and Gilchrest (1999) offered evidence that infection and fumonisin 
production as early as ‘blister’ stage is possible, though infection and fumonisin production is 
much more prevalent in kernels at the ‘dent’ stage of development (Bush et al., 2005).  This 
conclusion aligns more closely with the findings of Koehler (1942), as well as the optimal 
growth condition of high oxygen tension associated with senescent host tissue, referenced by 
Miller (2001).  Insects also provide entry for the fungus, acting as vectors and providing 
feeding wound infection opportunities for microconidia or mycelia already on the ear tissues 
(Avantaggiato et al., 2002; Dowd, 1998; Payne, 1999; Smeltzer, 1958).  Host genotypes with 
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a predisposition for the silk-cut (horizontal splits, perpendicular to the axis of the embryo) or 
kernel-pop (radial splitting, originating from the silk-scar) phenotypes are also at greater risk 
for infection by F. verticillioides (Odvody et al, 1997; Stromberg et al., 1999).   
Miller (2001) suggests five factors of prime importance in determining risk of 
Fusarium ear rot and fumonisin contamination:  temperature, drought stress, insect damage, 
other fungal diseases, and corn genotype.  Fusarium ear rot development is favored by hot 
(>28 C), dry or droughty conditions (Miller et al. 1995; Pascale et al. 1997; Shelby et al. 
1994).  Shelby (1994) reported a strong inverse correlation between precipitation near 
pollination and fumonisin accumulation in maize grain.  From studies in Ontario, fumonisin 
B1 accumulation was highest in environments with above average temperatures and below 
average rainfall following pollination (Miller et al., 1995).  Results from a multi year study in 
Nebraska show consistently higher rates of kernel colonization by F. verticillioides in 
dryland vs. irrigated plots (Arino & Bullerman, 1994).  From a multi year study in 
Mississippi, fumonisin B1 concentrations in grain were up to 5 times higher in a season with 
above average temperatures and below average rainfall, compared to a season that 
approximated 70 year averages for temperature and rainfall during the growing season 
(Abbas et al., 2002).  Similar results were reported from a multi year study in Poland, where 
highest concentrations of fumonisins were recovered from the growing season with the 
hottest and driest summer (Pascale et al., 2002).   
The relationship between hot conditions and increased risk of Fusarium ear rot may 
be straightforward; temperatures in excess of 28 C favor rapid growth of F. verticillioides 
over most competing species in susceptible maize tissues (Reid et al., 1999).  The association 
between drought stress and increased Fusarium ear rot risk is not as well understood.  
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Increased planting density may induce crop drought stress via increased competition for soil 
moisture, if irrigation is not concomitantly increased with planting rate.  Higher planting 
density has indeed been associated with increased Fusarium ear rot severity and fumonisin B1 
accumulation in Argentina, though physiological drought stress as a result of higher plant 
population was not addressed by the study (Blandino et al., 2008). Suspension of irrigation at 
flowering was not associated with higher levels of European corn borer ear herbivory or 
fumonisin B1 concentration in Italy (Alma et al., 2005). 
Since dry conditions typically accompany excessive heat, it can be difficult to 
separate the two factors and determine the individual effects of each.  Further complicating 
the situation, hot and dry conditions typically occur later in the season in the US Corn Belt, 
which is also when insect populations are often at their peak, making it difficult to evaluate 
heat, drought, and insect herbivory as independent factors.  Some suggest that drought stress 
may compromise host plant defenses against pathogens, or possibly lead to increased insect 
herbivory (Miller, 2001), though drought stress at flowering did not increase European corn 
borer herbivory in a study in northern Italy (Alma et al., 2005).  In practice, growers 
generally attempt to mediate the risks associated with heat and drought stress by planting 
early, utilizing ‘adapted varieties’ (i.e. those that flower and/or reach maturity ahead of 
historical environmental stress periods), and employing adequate irrigation when available, 
to escape heat and drought. 
Host plant resistance is the most prevalent tool currently employed by producers to 
manage Fusarium ear rot.  Results of a multi-state field screen of diverse inbred lines in F1 
hybrid testcross combination suggest resistance is conferred by several dominant alleles 
(Clements et al., 2004).  Due to its multigenic nature, the precise mechanisms of host plant 
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resistance are not yet fully understood, posing a significant challenge to breeders trying to 
develop resistant varieties.  Nonetheless, several contributing resistance factors or 
phenotypes have been identified.  Husk leaves that extend beyond the ear tip and adhere 
tightly to the developing ear exclude insects, including western flower thrips, and exhibit less 
Fusarium ear rot in at least one California production environment (Warfield & Davis, 1996).  
However, long and tight husk leaves slow field drying, and are generally considered 
undesirable by most breeders in the U.S. Midwest.  
Studies of sweet corn infection by F. verticillioides suggest that maternal tissues, 
including silks, pericarp, and the closing layer (‘black layer’) of kernels, play the largest role 
in resistance to Fusarium ear rot (Headrick & Pataky, 1991).  Rate of asymptomatic infection 
of inbred sweetcorn kernels was lower for lines with delayed silk senescence, suggesting a 
possible resistance selection criterion (Headrick et al., 1990).  The pericarp layer of eight 
hybrids with high to intermediate levels of Fusarium ear rot resistance was significantly 
thicker than the average of four susceptible hybrids, suggesting inhibition of fungus 
penetration and possible resistance to insect feeding damage (Hoenisch & Davis, 1994).  
Ferulic acid content of kernel tissues has been correlated with resistance to F. graminearum, 
and manipulation of this chemical constituent of kernel tissues may improve resistance to 
insect feeding and/or infection by other fungi as well, including F. verticillioides (Assabgui 
et al., 1993).  There is evidence that detoxification of fumonisins is achievable through 
transgenic engineering, although the detoxification process may yield equally toxic 
compounds, and does not alleviate the visual symptoms or yield losses associated with 
Fusarium kernel rot (Duvick, 2001).   
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Breeders generally select for inbreds and hybrids that do not exhibit the silk-cut 
phenotype, characterized by lateral splits in the kernel pericarp, most often observed late in 
the grain filling stage under conditions of high heat and water stress, and almost always 
associated with ear diseases, including Fusarium ear rot (Odvody et al. 1997; Stromberg et al, 
1999).  The environmental and/or physiological mechanisms underlying the silk-cut 
phenotype are not understood.  Recent breeding and heritability studies suggest that selection 
against visible Fusarium ear rot symptoms should be an effective method to reducing 
susceptibility to fumonisin contamination (Robertson et al., 2006).   
Many different insect species are associated with Fusarium ear rot.  Insects serve as 
vectors and create wounds that become infection sites for F. verticillioides.  Farrar and Davis 
(1991) determined that severity of Fusarium ear rot in California was highly correlated with 
intra-ear populations of western flower and corn thrips (Frankliniella occidentalis Pergande, 
Frankliniella williamsi Hood).  While there is abundant literature describing the roles of most 
lepidopteran pests in the Fusarium ear rot pathology, detailed descriptions of the 
association(s) of F. occidentalis or F. williamsi with Fusarium ear rot are largely absent.  
Intra-ear thrips infestation has only been reported in California, though F. occidentalis is 
polyphagous, with 244 host species from 62 different plan families, including tree and vine 
crops, field crops, and ornamentals (OEPP/EPPO, 1989; Yudin et al., 1986).  It is also a 
significant pest of greenhouse vegetable and ornamental production, and transmits Tomato 
Spotted Wilt Virus to susceptible host species (Allen and Broadbent, 1986).  F. occidentalis 
is native to North America, and was detected internationally beginning in 1980 
(OEPP/EPPO, 1989).  It has since been reported globally, from countries on all agricultural 
continents, and is distributed throughout the US, including Hawaii and Alaska, while F. 
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williamsi has been reported throughout most US corn production regions and Hawaii (Reed 
et al., 2006).  F. williamsi is very similar to F. occidentalis in morphology, with the primary 
differentiating morphological feature of the two species the phenotype of a comb structure on 
the 8th tergite segment (Reed et al, 2006).  The morphological similarities, along with the 
very small size (1-2 mm) and thigmotactic nature of these insects, has probably led to 
misidentification of both species in the field, especially in the case of common hosts like 
maize or cotton.   
 Both species feed by a ‘pierce and suck’ (Hunter and Ullman, 1992) or ‘punch and 
suck’ (Moritz, 1982; Heming, 1993) mechanism, typically damaging epidermal cells and 
consuming sap.  Host plant tissues may also be damaged by the females’ saw-like ovipositor, 
as they deposit eggs into tender vegetative or floral tissues (Lublinkhof and Foster, 1977; 
Moritz, 1997).  The life cycle for F. occidentalis, from egg to egg, ranges from 15 days at 30 
C, to  40 days or more at 15 C (Lublinkhof and Foster, 1977)  Adults may overwinter in a 
hibernatory state within host debris or soil. 
 For maize, the most widely reported thrips damage occurs at the early vegetative crop 
stage.  Populations grow on early developing weed or crop hosts like alfalfa in the spring, 
and then move to maize when these alternate hosts are cut or senesce (Hudson, 1999).  Thrips 
feeding can stunt the development of young maize plants, and severe feeding damage is 
recognizable by browning and cupping of young leaves.  Most seedlings outgrow this 
damage and develop normally.  Yield impacts from damage at this stage are unknown, but 
generally presumed minimal in grain production fields (Hudson, 1999). 
It is unclear whether adult thrips use maize ears solely as a food source, or also as a 
host on which to complete, or partially complete, their developmental cycle.  Elements of 
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thrips population biology may offer insights as to why thrips are attracted to developing 
maize ears in California, and possibly other similar corn production environments.  
Reproduction rates of Frankliniella spp. are heavily influenced  by temperature, with steady 
increases in reproductive rates with concurrent temperature increases, up to 30 C (Gaum et 
al., 1994; Robb and Parella, 1991).  Thrips are quite susceptible to low humidity, and retreat 
to protected sites, including host plant floral tissues, under hot and dry conditions (Kirk, 
1997).  Under the hot, dry conditions that persist in the long California growing season, 
irrigated cornfields may be ideal refuge for thrips, as alternative weed and early season or 
unirrigated crop hosts senesce.   
Thrips infest developing maize ears after pollination and presumably wound 
immature kernels by feeding, or possibly oviposition by females (Farrar and Davis, 1991).  
Though unconfirmed, it is assumed that the relatively minor injuries to young kernels do not 
directly impact yield or grain quality, but disruption of the pericarp may provide numerous 
infection sites for fungal pathogens, including Fusarium verticillioides (Sacc.) Nirenberg.  
Subsequent fungal growth may involve a large percentage of the affected ear, reducing grain 
density (i.e., ‘test weight’) and visual grain quality.  In severe cases, husk leaves may become 
cemented to rotted kernel tissue (Farrar and Davis, 1991).  Mycotoxins are often associated 
with ear rot fungi, including F. verticillioides, though the relationship between thrips and 
mycotoxins, including fumonisin B1, has not been reported.   It is unclear what stage of thrips 
development is most important in damaging developing kernels and promoting Fusarium ear 
rot development and fumonisin B1 accumulation. 
From field and greenhouse studies, European corn borer (Ostrinia nubilalis Hubner) 
was demonstrated capable of vectoring microconidia of F. verticillioides from leaves into 
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ears, causing kernel infection (Sobek & Munkvold, 1999).  Ears damaged by caterpillars of 
European corn borer and corn earworm (Helicoverpa zea Boddie), routinely exhibit higher 
levels of Fusarium ear rot and fumonisin concentrations compared to less damaged ears 
(Bakan et al., 2002; Clements et al., 2003; Dowd, 2000; Munkvold et al., 1999).  The 
nitidulid beetle complex (Carpophilus spp., Glischrochilus quadrisignatus) is attracted to 
plant volatiles and caterpillar frass of European corn borer and corn earworm in wounded 
ears, and may cause additional wounding to promote infection, as well as transporting fungal 
propagules of F. verticillioides (Dowd, 1991; Dowd, 1998; Windels et al., 1976).  Volatiles 
produced by F. verticillioides may also be attractive to nitidulid beetles and indicate a 
relationship between the fungus and the beetle, though this association has not yet been 
clearly demonstrated in the field (Bartelt & Wicklow, 1999).   
Transgenic (Bt) hybrids encoding the Cry1Ab protein in ear tissues exhibited lower 
levels of Fusarium ear rot and fumonisin B1 contamination than non-transgenic isohybrids, 
under similar levels of European corn borer infestation (Clements et al., 2003; Dowd, 2003; 
Munkvold et al., 1997a; Munkvold and Hellmich, 1998; Munkvold et al., 1999).  Transgenic 
hybrids encoding the Cry1F protein, similar to hybrids encoding the Cry1Ab protein, are 
resistant to feeding by European corn borer, with the additional benefit of resistance to 
feeding by western bean cutworm, Striacosta albicosta (Smith) (Catangui and Berg, 2006; 
Eichenseer et al., 2008).  Resistance to feeding reduces the risk of fumonisin B1 
contamination when infestations by these species occur.  Transgenic Bt hybrids do not appear 
to reduce mycotoxin contamination associated with corn earworm feeding (Clements et al., 
2003).  There are no reports of transgenic Bt hybrids conferring feeding resistance and/or 
   
  14 
 
fumonisin B1 reduction under infestations by other ear infesting insects, such as nitidulid 
beetles or thrips. 
Regional surveys suggest fumonisin contamination is essentially a worldwide risk 
wherever maize is grown, though certain environments are more at risk than others (Placinta 
et al., 1999).  US surveys of the northern Corn Belt suggest maximum contamination levels 5 
to 38 mg/kg, and average levels of of 1 to 3 mg/kg (Munkvold & Desjardins, 1997).  Surveys 
of other regions of the US, including Tennessee, North Carolina, and Georgia indicated 
average fumonisin B1 concentrations of 1 to 10 mg/kg in 49% and 36% of samples 
respectively, versus 23% and 10% of Midwest grain samples in the same years (Anderson 
and Dolezal, 1993). 
The United States Food and Drug Administration (FDA) has issued industry guidance 
standards for fumonisin contamination of human and animal foods (CFSAN, 2001), which 
were finalized in 2001.  For human food, total fumonisin guidelines range from 2-4 mg/kg, 
depending on the type and application of corn product.  For animal feed, the guidelines range 
from 5 to 100 mg/kg depending on the animal species and growth stage.  There is not yet an 
international standard that defines tolerance levels for mycotoxins, including fumonisins, in 
food and feed.  Until an international standard can be ratified, there is concern that countries 
may use local mycotoxin standards as trade barriers, rather than retaining the focus on the 
impacts of mycotoxins on the health of people and livestock (Kuiper-Goodman, 1999).  One 
attempt to consolidate a global position on fumonisin is the definition of a quality 
management system.  Hazard Analysis and Critical Control Point (HACCP) is a food safety 
strategy endorsed by the FAO, used to identify hazards and mediate them (Park et al., 1999).  
For mycotoxins, these hazards are generally categorized as 1) pre-harvest, 2) harvest, 3) post-
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harvest, 4) storage, or 5) processing risks.  Pre-harvest hazard identification and control are 
optimal for reducing risks of mycotoxin contamination of food and feed, including 
fumonisins. 
 The objectives of this research were to: 
1.   Assess the interactions among planting time, drought stress, and insects upon severity of 
Fusarium ear rot and associated mycotoxin (fumonisin B1) contamination of grain in 
maize hybrids varying in resistance. 
2.   Compare the relative influence of two insect species associated with Fusarium ear rot 
for disease severity and mycotoxin contamination. 
3.   Identify the developmental stage(s) of thrips associated with maize ear infestations and 
subsequent Fusarium ear rot and fumonisin B1 contamination. 
4.   Determine the relationship, if any, between intra-ear thrips infestations of maize ears 
and silk-cut of maize kernels.  
5.   Evaluate the associations of U.S. locations, planting dates, hybrid varieties, and ear 
infesting insect pests with Fusarium kernel rot symptoms and fumonisin B1 
contamination. 
6.   Evaluate the association of two types of Fusarium ear rot kernel symptoms (visible mold 
and starburst), with fumonisin B1 contamination. 
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Abstract 
 
Fusarium ear rot, caused by Fusarium verticillioides, is one of the most common 
worldwide diseases of maize, causing yield and quality reductions as well as contamination 
of grain by fumonisins and other mycotoxins.  Drought stress and various insects have been 
implicated as factors affecting disease severity.  Field studies were conducted in Woodland, 
CA during 2002 and 2003, to evaluate the relative influence of 1) drought stress at different 
stages of crop development, and 2) ear infestation by two species of insects, upon severity of 
Fusarium ear rot disease and fumonisin B1 contamination of commercial maize hybrids.  In 
each year, plots of three commercial hybrids varying in partial resistance to Fusarium ear rot 
were sown on three planting dates and subjected to four irrigation regimes that resulted in 
differing levels of drought stress in the plants.  A foliar-spray insecticide treatment (sprayed 
vs. unsprayed) also was imposed.  Populations of thrips (Frankliniella spp.) and damage by 
corn earworm (Helicoverpa zeae) in open-pollinated hybrid ears were assessed following 
pollination for all treatment combinations.  Fusarium ear rot symptoms were assessed on 
mature grain subsamples, which were then analyzed to quantify fumonisin B1.  For all 
hybrids, there were significant effects of planting date, insecticide treatment, and drought 
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stress on Fusarium ear rot symptoms and fumonisin B1 contamination, and these factors also 
had significant interacting effects.  The hybrids displayed their expected differences in 
susceptibility to Fusarium ear rot, and the more susceptible hybrids often had higher 
fumonisin B1 levels and thrips populations, depending on planting date. Later planting dates 
typically had higher thrips populations, more Fusarium ear rot, and higher levels of 
fumonisin B1.  Plots treated with insecticide suffered lower levels of ear rot symptoms and 
fumonisin B1 contamination, especially in the susceptible hybrids and for the later planting 
dates when thrips populations were higher. Insecticide treatment successfully reduced thrips 
infestations in the Fusarium-susceptible hybrids, particularly for the later planting dates.  
Effects of drought stress were less pronounced than those of the other treatment factors, and 
were evident primarily in plots without insect control. An irrigation regime that promoted 
drought stress at anthesis sometimes resulted in higher levels of ear rot symptoms and 
fumonisin B1 contamination, but this effect was highly dependent on interactions with other 
factors. Intra-ear thrips populations and corn earworm injury were significantly correlated 
with disease severity and fumonisin contamination, but the correlations were weaker for corn 
earworm damage compared to thrips.  The frequency of symptomatic kernels within a sample 
was strongly correlated with the concentration of fumonisin B1 in the sample.  In summary, 
the results of this study agree with past results implicating thrips as a primary factor of 
Fusarium ear rot severity in California, and associate thrips with potentially high levels of 
fumonisin B1 in grain.  Thrips appear to be a stronger influence on disease severity and 
fumonisin B1 contamination than earworm in this environment, and the historically higher 
disease severity in late plantings may be explained, at least in part, by higher thrips 
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populations.  Drought stress treatments did not influence ear rot severity in the presence of 
large populations of thrips and corresponding high disease severity and mycotoxin levels. 
Introduction 
Approximately 250,000 ha of maize are grown in California annually, of which 
approximately 30% is harvested for grain, and the balance for silage.  Most of this production 
occurs in the state’s central Sacramento and San Joaquin valleys (NASS, 2007).  Most 
growers in the region plant field maize from late March to mid-April to achieve maximum 
yields, though earlier planting is preferred over late planting.  The small acreage in the state 
precludes large breeding programs, so farmers typically plant hybrids developed for irrigated 
farms in the western US Midwest Corn Belt.  Occasional heavy rainfall and associated field 
flooding can compromise March plantings.  Mid to late May plantings often suffer from 
severe heat during pollination in July and August, which can compromise pollination 
efficiency and reduce yields.  Arthropod populations (primarily spider mites, Tetranychus 
spp., thrips, Frankliniella spp., and corn earworm, Helicoverpa zeae) can also reach 
economically significant thresholds for May plantings, requiring costly control measures to 
avoid yield losses (Godfrey et al., 2006a, Godfrey et al, 2006b, Godfrey et al, 2006c) 
Significant diseases of California field corn include head smut, common smut, corn 
stunt, and Fusarium ear rot.  Fusarium ear rot is most problematic on late-planted corn 
(Davis, 2006).  Fumonisins, the family of mycotoxins associated with Fusarium ear rot, can 
often contaminate grain produced in the region, especially in late plantings (Anderson & 
Dolezal, 1993).  Regardless of planting date, growers in the region generally select maize 
hybrids that seed companies characterize as ‘tolerant’ or ‘resistant’ to Fusarium ear rot, to 
reduce the risk of yield loss and/or mycotoxin contamination. 
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Fusarium ear rot is caused primarily by Fusarium verticillioides (Sacc.) Nirenberg 
(syn. Fusarium moniliforme J. Sheldon, Fusarium section Liseola).  F. verticillioides is the 
anamorph of Gibberella moniliformis Wineland (Wineland, 1924), but also has been 
considered an anamorph of G. fujikuroi (Sawada) Ito in Ito & K Kimura (mating population 
A) (Desjardins, 2003). F. verticillioides is the most ubiquitous and well-studied producer of 
fumonisins in the genus Gibberella.  F. verticillioides produces fumonisins B1, B2, B3 and B4 
(Proctor et al., 2006).  Fumonisin B1 is the most prevalent and toxic, and thus the best studied 
(Musser and Plattner, 1997).  Fumonisin B1 is a secondary metabolite produced by F. 
verticillioides, and its production by the fungus is regulated by environmental conditions that 
favor the growth of the pathogen (Miller, 2001).   The accumulation of fumonisins in maize 
kernels is highly correlated with fungal biomass in the kernels (Waalwijk et al., 2008).  In 
culture, fumonisin B1 is optimally produced between 15 and 25 degrees C, and maximum 
fungal growth rate increases with increasing water activity and temperature, up to 0.975 and 
30 degrees C, respectively (Samapundo et al., 2005). 
Fumonisin B1 causes leukoenceophalomalacia (LEM) in horses, pulmonary edema 
(PEM) in swine, and has been implicated in liver cancer of rats (Colvin and Harrison, 1992; 
Harrison et al., 1990; Haschek et al., 1992; Kellerman et al., 1990; Marasas, 1996).  
Fumonisins are also associated with esophageal cancer (Cheng et al., 1985; Rheeder et al., 
1992; Sydenham et al., 1990), and neural tube birth defects in humans (Stack, 1998). 
F. verticillioides, is worldwide in distribution, and also causes seedling, root, and 
stalk rots of maize (Kommedahl & Windels, 1981).  It is the most prevalent pathogen 
associated with corn.  Seed infection by F. verticillioides can reduce emergence and stand 
quality in the subsequent crop generation, and often leaves grain contaminated with 
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mycotoxins.  Symptoms usually develop initially on ear tips, but may also manifest as 
scattered areas of infection over the ear surface.  Severely infected ears are covered with 
white to pink fungal mycelia, which colonize kernels, sap from ruptured kernel tissue, and 
husk leaves.  When infection is extremely severe, husk leaves are sometimes fused to the ear 
by the fungal mycelium (Farrar & Davis, 1991).  In some host genotypes and environments, 
the starburst symptom is more prevalent, and is characterized by white streaks beneath the 
pericarp, radiating basipetally from the kernel silkscar (Koehler, 1942; Payne, 1999;).  
Fungal metabolism within the kernels results in a net decrease in grain dry matter content, 
kernel density, and total grain yield (Presello et al., 2007; Seitz et al., 1982).   
In addition to symptomatic kernels, F. verticillioides can be isolated from a large 
proportion of symptomless kernels, as well as host root, stalk, and leaf tissues (Foley, 1962; 
Munkvold et al., 1997b).  The importance of this symptomless systemic infection is still 
unclear.  However, it appears that systemic infection alone contributes little to ear mold 
symptoms and fumonisins (Desjardins et al., 2002; Munkvold 2003; Munkvold et al., 1997b); 
it is only after a wound occurs (insect feeding, silk-cut, kernel-pop, etc.) that visible disease 
symptoms are evident on the host ear tissues (Bacon et al., 1992; Headrick et al. 1990; 
Koehler, 1959). 
Colonized maize residues, as well as residues from a broad range of other host crops, 
provide overwintering refuge for the fungus (Booth, 1971).  Microconidia are generally the 
most frequent form of seed infection inoculum on the developing maize ears (Ooka & 
Kommedahl, 1977; Payne, 1999).  Exposed silks are the primary local infection sites upon 
which airborne F. verticillioides microconidia may land, germinate, colonize, and 
subsequently infect developing kernels through the silk scar (Munkvold, 2003; Munkvold et 
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al., 1997b).  Insects also provide entry for the fungus, distributing fungal propagules as they 
create feeding wound infection opportunities for microconidia or mycelia already on the ear 
tissues (Avantaggiato et al., 2002; Dowd, 1998; Payne, 1999; Smeltzer, 1958).  Host 
genotypes with a predisposition for the silk-cut or kernel-pop phenotypes are also at greater 
risk for infection by F. verticillioides (Odvody et al, 1997).   
Miller (2001) suggests five factors of prime importance in determining risk of 
Fusarium ear rot and fumonisin contamination:  temperature, drought stress, insect damage, 
other fungal diseases, and corn genotype.  Fusarium ear rot development is favored by hot 
(>28 C), dry or droughty conditions (Miller et al. 1995; Pascale et al. 1997; Shelby et al. 
1994).  Shelby (1994) reported a strong inverse correlation between precipitation near 
pollination and fumonisin accumulation in maize grain.  From studies in Ontario, fumonisin 
B1 accumulation was highest in environments with above average temperatures and below 
average rainfall following pollination (Miller et al., 1995).  Results from a multi year study in 
Nebraska show consistently higher rates of kernel colonization by F. verticillioides in 
dryland vs. irrigated plots (Arino & Bullerman, 1994).  From a multi year study in 
Mississippi, fumonisin B1 concentrations in grain were up to 5 times higher in a season with 
above average temperatures and below average rainfall, compared to a season that 
approximated 70 year averages for temperature and rainfall during the growing season 
(Abbas et al., 2002).  Similar results were reported from a multi year study in Poland, where 
highest concentrations of fumonisins were recovered from the growing season with the 
hottest and driest summer (Pascale et al., 2002).   
The relationship between hot conditions and increased risk of Fusarium ear rot may 
be straightforward; temperatures in excess of 28 C favor rapid growth of F. verticillioides 
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over most competing species in susceptible maize tissues (Reid et al., 1999).  The association 
between drought stress and increased Fusarium ear rot risk is not as well understood.  
Increased planting density may induce crop drought stress via increased competition for soil 
moisture, if irrigation is not concomitantly increased with planting rate.  Higher planting 
density has indeed been associated with increased Fusarium ear rot severity and fumonisin B1 
accumulation in Argentina, though physiological drought stress as a result of higher plant 
population was not addressed by the study (Blandino et al., 2008). Suspension of irrigation at 
flowering was not associated with higher levels of European corn borer ear herbivory or 
fumonisin B1 concentration in Italy (Alma et al., 2005). 
Since dry conditions typically accompany excessive heat, it can be difficult to 
separate the two factors and determine the individual effects of each.  Further complicating 
the situation, hot and dry conditions typically occur later in the season in the US Corn Belt, 
which is also when insect populations are often at their peak, making it difficult to evaluate 
heat, drought, and insect herbivory as independent factors.  Some suggest that drought stress 
may compromise host plant defenses against pathogens, or possibly lead to increased insect 
herbivory (Miller, 2001), though drought stress at flowering did not increase European corn 
borer herbivory in a study in northern Italy (Alma et al., 2005).  In practice, growers 
generally attempt to mediate the risks associated with heat and drought stress by planting 
early, utilizing adapted varieties (i.e. those that flower and/or reach maturity ahead of 
historical environmental stress periods), and employing adequate irrigation when available, 
to escape heat and drought. 
Host plant resistance is the most prevalent tool currently employed by producers to 
manage Fusarium ear rot.  Results of a multi-state field screen of diverse inbred lines in F1 
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hybrid testcross combination suggest resistance is conferred by several dominant alleles 
(Clements et al., 2004).  Due to its multigenic nature, the precise mechanisms of host plant 
resistance are not yet fully understood, though several contributing resistance factors or 
phenotypes have been identified.  Husk leaves that extend beyond the ear tip and adhere 
tightly to the developing ear exclude insects, including western flower thrips, and exhibit less 
Fusarium ear rot in at least one California production environment (Warfield & Davis, 1996).  
However, long and tight husk leaves slow field drying, and are generally considered 
undesirable by most breeders in the U.S. Midwest. Seed companies generally select for 
hybrids that do not exhibit the silk-cut phenotype, characterized by lateral splits in the kernel 
pericarp, most often observed late in the grain filling stage under conditions of high heat and 
water stress, and almost always associated with severe Fusarium ear rot infection (Odvody et 
al. 1997).  The environmental and/or physiological mechanisms underlying the silk-cut 
phenotype are not understood.  Recent breeding and heritability studies suggest that selection 
against visible Fusarium ear rot symptoms should be an effective method to reducing 
susceptibility to fumonisin contamination (Robertson et al., 2006).   
Many different insect species are associated with Fusarium ear rot.  Insects serve as 
vectors and create wounds that become infection sites for F. verticillioides.  Farrar and Davis 
(1991) determined that severity of Fusarium ear rot in California was highly correlated with 
intra-ear populations of western flower thrips (Frankliniella occidentalis Pergande).  From 
field and greenhouse studies, European corn borer (Ostrinia nubilalis Hubner) was 
demonstrated capable of distributing microconidia of F. verticillioides from leaves into ears, 
causing kernel infection (Sobek & Munkvold, 1999).  Ears damaged by caterpillars of 
European corn borer and corn earworm (Helicoverpa zea Boddie), routinely exhibit higher 
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levels of Fusarium ear rot and fumonisin concentrations compared to less damaged ears 
(Clements et al., 2003; Dowd, 2000; Munkvold et al., 1999).  The nitidulid beetle complex 
(Carpophilus spp.; Glischrochilus quadrisignatus) is attracted to plant volatiles and 
caterpillar frass of European corn borer and corn earworm in wounded ears, and may cause 
additional wounding to promote infection, as well as transporting fungal propagules of F. 
verticillioides (Dowd, 1998; Windels et al., 1976).  Volatiles produced by F. verticillioides 
may also be attractive to nitidulid beetles and indicate a relationship between the fungus and 
the beetle, though this association has not yet been clearly demonstrated in the field (Bartelt 
& Wicklow, 1999).   
Transgenic (Bt) hybrids encoding the Cry1Ab protein in ear tissues exhibited lower 
levels of Fusarium ear rot and fumonisin B1 contamination than non-transgenic isohybrids, 
under similar levels of European corn borer infestation (Clements et al., 2003; Dowd, 2003; 
Munkvold et al., 1997a; Munkvold et al., 1999).  Transgenic hybrids encoding the Cry1F 
protein, similar to hybrids encoding the Cry1Ab protein, are resistant to feeding by European 
corn borer, with the additional benefit of resistance to feeding by western bean cutworm, 
Striacosta albicosta (Smith) (Catangui and Berg, 2006; Eichenseer et al., 2008).  Resistance 
to feeding reduces the risk of fumonisin B1 contamination when infestations by these species 
occur.  Transgenic Bt hybrids do not appear to reduce mycotoxin contamination associated 
with corn earworm feeding (Clements et al., 2003).  There are no reports of transgenic Bt 
hybrids conferring feeding resistance and/or fumonisin B1 reduction under infestations by 
other ear infesting insects, such as nitidulid beetles or thrips. 
Regional surveys suggest fumonisin contamination is essentially a worldwide risk 
wherever maize is grown, though certain environments are more at risk than others (Placinta 
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et al., 1999).  US surveys of the northern Corn Belt suggest maximum contamination levels 5 
to 38 mg/kg, and average levels of of 1 to 3 mg/kg (Munkvold & Desjardins, 1997).  Surveys 
of other regions of the US, including Tennessee, North Carolina, and Georgia indicated 
average fumonisin B1 concentrations of 1 to 10 mg/kg in 49% and 36% of samples 
respectively, versus 23% and 10% of Midwest grain samples in the same years (Anderson 
and Dolezal, 1993). 
The United States Food and Drug Administration (FDA) has issued industry guidance 
standards for fumonisin contamination of human and animal foods (CFSAN, 2001), which 
were finalized in 2001.  For human food, total fumonisin guidelines range from 2-4 mg/kg, 
depending on the type and application of corn product.  For animal feed, the guidelines range 
from 5 to 100 mg/kg depending on the animal species and growth stage.   
The goal of this study was to elucidate potential mechanisms for observed differences 
in Fusarium ear rot severity and fumonisin B1 contamination across seasons, genotypes, and 
successively later planting dates within seasons. Specific objectives were:  
1.   To assess the interactions among planting time, drought stress, and insects upon severity 
of Fusarium ear rot and associated mycotoxin (fumonisin B1) contamination of grain in 
maize hybrids varying in resistance. 
2.   To compare the relative influence of two insect species associated with Fusarium ear rot 
for disease severity and mycotoxin contamination. 
Materials and Methods 
To address these goals, a field study was conducted during the 2002 and 2003 
growing seasons at the Pioneer Hi-Bred Int’l research farm in Woodland, CA (Yolo County).  
The Woodland climate is Mediterranean, averaging approximately 65 cm of rainfall 
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annually, primarily from November through April.  Rainfall totals for May through October 
rarely exceed 0.50 cm per month for this region.  Daytime high temperatures in the region 
range from 25 to 30 degrees C in spring, to over 40 degrees C during the hot, dry summer 
months.  Spring and summer crops, including maize, require regular irrigation.   
The field study was designed to assess the relative importance of two species of 
insects and drought, across seasons, hybrid genotypes, and successively later planting dates 
within seasons.  The same planting design was utilized and the experiment was conducted at 
the same location near Woodland, CA, in Yolo Co in 2002 and 2003.  The experiment field 
was planted to maize in 2001 and fertilized, irrigated, and harvested consistently to minimize 
soil moisture and fertility variability throughout the field.  Field plots were arranged in a 
nested design with three planting dates as main plots, four irrigation regimes × two 
insecticide treatment combinations as subplots, and three maize hybrids as sub-subplots. 
There were four replicate blocks of the treatment combinations each year. Experimental units 
were 2-row plots, 4.27 m by 0.76 m between rows (0.00065 ha).  To ensure uniform plant 
stands and spacing, plots were planted with a 4-row research cone planter at approximately 
150% of desired final stand, and were then manually thinned at the 3-leaf (V3) growth stage 
to achieve uniform plant spacing of the desired final plant population of 89,000 plants/ha.    
In 2002, plots were planted 25 March (‘early’), 21 April (‘normal’), and 23 May 
(‘late’).  In 2003, plots were planted 27 March, 20 April, and 25 May.  A shielded Hobo 
temperature logger (Onset Computer Corporation, Bourne, MA), attached to a post thirty-six 
inches above the soil surface and within the experiment border rows, recorded temperature at 
hourly intervals throughout the growing season. 
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The maize hybrids were three conventional (non-transgenic) hybrids: Pioneer Hybrid 
A (Pioneer Hi-Bred Int’l., Inc., Des Moines, IA), Pioneer Hybrid B, and Pioneer Hybrid C, 
characterized in Pioneer sales literature as ‘susceptible’, ‘moderately susceptible’, and 
‘resistant’ to Fusarium ear rot, respectively.   
Four different irrigation regimes were imposed to induce drought stress at different 
maize developmental stages and assess the effect of soil water deficit upon the severity of 
Fusarium ear rot infection and fumonisin B1 contamination.  All irrigation was applied using 
sub-surface drip tape (T-Systems International, San Diego, CA), placed 10 cm off each 
planted row and 10 cm below the soil surface at the time of planting, with emitters at 30.5 cm 
intervals along the tape.  Irrigation water pressure was controlled through in-line pressure 
regulators (The Toro Company, Riverside, CA), set to sustain irrigation pressure at 10 psi to 
ensure consistent delivery through the entire length of each irrigation regime.  Four border 
rows, spaced 76 cm apart, were used between irrigation regimes to prevent inter-treatment 
interference.  The irrigation regimes were applied to achieve the following drought stress 
treatments: 1) full irrigation (no drought stress), 2) vegetative drought stress, 3) flowering 
drought stress, and 4) reproductive drought stress.  In the full irrigation treatment, plots 
received approximately 2.5 cm of water weekly from planting through V8 stage, 5 cm of 
water weekly from V10 stage through R3 stage, and 2.5 cm of water weekly from R3 through 
R6 (physiological maturity).  For the vegetative stress regime, plots received 2.5 cm of water 
at planting, and then water was entirely withheld until approximately V12.  Plots 
subsequently received 2.5 cm of water weekly until VT, 2 inches of water weekly from R1 to 
R3, and 2.5 cm of water weekly from R4 through physiological maturity.  Plots assigned the 
flowering stress treatment received approximately 2.5 cm of water weekly from planting 
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through V8, no water from V10 through R3, and then 2.5 cm of water weekly from R3 
through R6.  Vegetative stress plots received 2.5 cm of irrigation water weekly from planting 
to VT, 5.0 cm weekly from R1 to R3, and 2.5 cm weekly from R4 to physiological maturity. 
The method described by Ritchie (1994) was used to determine crop stage. 
Volumetric soil moisture content was monitored throughout the growing season 
within each planting date block, at two points within the planted rows in each irrigation 
regime.  A Diviner probe (Sentek Sensor Technologies, Stepney, South Australia), 
employing frequency domain reflectometry (FDR), was used to measure volumetric water 
content of the vertical soil profile at 10 cm intervals, from 10 cm to 100 cm of depth.  Soil 
moisture measurements were collected one to three times per week throughout the growing 
season. 
Plots received one of two insecticide treatments: 1) no insecticide (control), or 2) 
insecticide applied by a Hagie high-clearance overhead sprayer (Hagie Manufacturing 
Company, Clarion, IA).  The wheeled legs of the sprayer were extended an additional 60 cm 
beyond the factory specification to allow sufficient clearance to make applications to full-
height hybrid maize in California (> 3.66 m) without damaging the crop canopy.  Drop 
nozzle assemblies were fitted on the spray boom constructed to direct the insecticide 
application on the foliage, stalk and ear tissue in each plot, covering the zone extending from 
approximately 0.60 m above to 0.60 m below the primary ear (Fig. 2.1).  The spray boom 
was manually controlled by the operator to maintain the spray focus on this zone of the 
canopy.  Plots receiving the insecticide application were sprayed three times.  The first 
application was made when approximately 50% of plants had silks that extended 
approximately 2.5 cm beyond the end of the husk leaves.  The second application was made 
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7 days after the first, and the third application at 14 days after the first.  Insecticide treatments 
were separated by an 8.5 m-wide buffer strip of maize plants in order to reduce risk of inter-
treatment interference from spray drift.  The insecticide treatment was a mixture of a non-
systemic insecticide, lambda cyhalothrin (Warrior T®, Syngenta Crop Protection, 
Greensboro, NC) and a partially systemic insecticide, dimethoate ( Dimethoate 2.67 EC ® , 
Drexel Chemical, Memphis, TN), applied at 0.014 kg and 0.227 kg active ingredient per acre, 
respectively, in a spray volume of 93.5 liters per hectare. 
 Ears were evaluated twice for presence and damage caused by insects associated with 
Fusarium ear rot.  Thrips (F. occidentalis and F. williamsi) was the primary insect infesting 
immature ears, while corn earworm was the primary insect pest of ears approaching maturity.  
Approximately seven days after the third insecticide treatment (21 days after pollination), 
three representative ears were manually removed from every plot, labeled, placed in sealed 
plastic bags, and immediately chilled on ice.  Upon completion of field sampling, ears were 
refrigerated overnight at 2 degrees C.  The following day, while still chilled, husk leaves and 
silks were carefully removed, and each ear was inspected under a 15X dissection 
stereoscope.  Total thrips of all developmental stages were counted and recorded for each ear.  
Subsamples of thrips specimens were identified to species and confirmed F. occidentalis or 
F. williamsi using a published dichotomous phenotypic key, but the two species were not 
differentiated during enumeration (Reed et al., 2006).  Resulting counts from three ears per 
plot were averaged to provide an estimate of the number of insects per ear for each plot.  
Concurrent with the first insect evaluation, ‘husk length’ was assessed.  Prior to 
removing husk leaves, the distance from the tip of the developing ear within the husk leaves 
to the distal end of the silk channel was measured (mm) for each of three ears, and the 
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average value recorded for the plot.  Ears which extended beyond the husk leaves were 
assigned negative values for silk channel length. 
To assess caterpillar feeding, primary ears from five plants per plot were husked back 
on the mature plants, three days before harvest.  The average percentage of kernels with 
damage attributable to corn earworm feeding, in 5% increments, was estimated for the entire 
plot based on the five ear sample, and a single value per plot recorded as the estimate of corn 
earworm damage. 
To assess the impact of drought stress treatments on harvestable grain yield, plots 
were mechanically harvested with a commercial combine (Allis-Chalmers, Milwaukee, WI), 
adapted for research with a Pioneer Hi-Bred Int’l proprietary small plot harvest system to 
measure percent grain moisture, plot weight (kg), and test weight (kg per bushel).  Fan speed 
on the combine unit was set as low as possible to minimize loss of lighter (low density) 
diseased kernels as grain was harvested and threshed mechanically from cobs.  Plot weights 
were normalized to 15.5% moisture, and converted to kilograms per hectare (25.4 kg per 
bushel).  A 0.5 kg sample was collected as grain moved through the combine harvest system.  
The sample was then dried below 15% (if necessary), packaged, labeled, and stored at 50 F 
and 50% humidity for subsequent kernel symptom assessments, mycotoxin analysis, and 
fungal isolations to confirm F. verticillioides infection. 
Each kernel of a 30 gram subsample from the 0.5 kg plot grain samples was assessed 
in the laboratory for Fusarium ear rot symptoms.  Each kernel of the subsample was 
inspected at 15X magnification to determine if it had symptoms of Fusarium ear rot (Fig. 
2.2).  Symptomatic kernels exhibited either or both the starburst and visible mold symptoms. 
Starburst kernels were characterized by white to pinkish streaks beneath the pericarp, 
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radiating basipetally from the kernel silk scar.  Visibly molded kernels exhibited fungal 
mycelium, and in both years, almost always had lateral pericarp splits known as silk-cut 
Odvody (1997), or other physical damage.  This phenomenon is typical for susceptible 
hybrids like Hybrid A when grown in California.  Kernels categorized asymptomatic showed 
neither symptom.  In this study, weights of all symptomatic kernels (starburst and visibly 
molded) were combined and recorded as an estimate of the percentage symptomatic kernels 
(by weight) for each plot. 
From each 0.5 kg plot grain sample, approximately 400 grams were analyzed for 
fumonisin B1 by the Pioneer Hi-Bred Grain Analysis Laboratory (Pioneer Hi-Bred 
International, Johnston, IA).  Samples were finely ground and a 3 gram sample was extracted 
for analysis by Enzyme-Linked-Immunosorbent-Assay (ELISA).  The ELISA is a 
competition format constructed with proprietary antibodies to fumonisin B1.  Pre-coated, 
stabilized plates were prepared by Beacon Analytical Systems, Inc.  Maize extract samples 
and horseradish peroxidase conjugated fumonisin B1 were co-incubated at 20-25C for 60-
62min with shaking in the dark.  Substrate was added following washing of the plates.  The 
substrate reaction was allowed to proceed for 30-32 min. at 20-25C with shaking in the dark.  
The reaction was stopped and the resulting color intensity of the wells was read at 450nm.  
The amount of fumonisin present in a sample was inversely proportional to the color 
intensity in the assay well.  Detection limits of the fumonisin ELISA ranged from 0.8 mg/kg 
to 2000.0 mg/kg.   
 In addition to fumonisin B1 quantification, representative kernels from plot grain 
samples were cultured to confirm association of visible ear rot symptoms with Fusarium 
verticillioides infection.  Kernels were surface sterilized for 2 minutes in a dilute bleach 
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solution, dried, and cultured on Nash-Snyder semi-selective medium (Nash & Snyder, 1962).  
After incubation for 5 days under ambient conditions in the laboratory, any growth was 
transferred aseptically via hyphal tip to Carnation Leaf Agar and incubated until sporulation.  
Each culture was then observed under magnification for purity, growth habit, spore, and 
conidiophore morphology characteristics of Fusarium verticillioides (Leslie and Summerell, 
2006). 
Data were analyzed using the ‘Fit Model-Standard Least Squares’ and procedure in 
the JMP 7 software application (SAS Institute, Cary NC).   Analysis of residuals indicated 
the need for data transformation for some variables.  The ‘square root of the square root’ 
transformation gave the best improvement for percent symptomatic kernels, fumonisin B1, 
and intra-ear thrips population variables.  For each pair wise combination of year (2002, 
2003), and hybrid variety (Hybrid A, Hybrid B, Hybrid C), a split split-plot analysis of 
variance (ANOVA) was completed for the transformed variables: percent symptomatic 
kernels, fumonisin B1, intra-ear thrips population, and the untransformed variables 
percentage kernels damaged by corn earworm, yield, and husk length.  Subsequent one-way 
ANOVA’s were conducted for all factorial combinations of year, hybrid, planting date and 
insecticide treatment to isolate and evaluate the effect of drought stress treatments on all 
variables.  Means comparisons across drought treatments were made using Tukey’s 
“Honestly Significant Difference” (HSD) method (p ≤ 0.05).  Untransformed mean and 
standard error values are reported in all tables.  The JMP 7 ‘Multivariate’ procedure was used 
to produce correlations between select effects and variables. 
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Results 
 
Fusarium ear rot and fumonisin B1 levels were higher in 2003 than in 2002. Data 
from the two years were analyzed separately. Analysis of variance (ANOVA) indicated 
highly significant effects of planting date and insecticide treatment, across hybrids and years, 
for percentage of symptomatic kernels, fumonisin B1, intra-ear thrips, corn earworm damage, 
and grain yield (Tables 2.1, 2.2, 2.3).  Significance of the main and sub-plot effects on husk 
length were less consistent, with planting date more often a significant factor compared to 
insecticide treatment.  Drought stress treatment significantly affected grain yield, but did not 
consistently have a significant effect on the other variables, sometimes influencing percent 
symptomatic kernels, fumonisin B1, intra-ear thrips and husk length.  Drought stress 
treatment was never a significant factor of corn earworm damage. 
The most common significant two-way interaction effect was between planting date 
and insecticide treatment, which affected all variables to some extent except husk length.  
Planting date occasionally interacted significantly with drought stress treatment for percent 
symptomatic kernels, fumonisin B1, and grain yield.  Insecticide treatment occasionally 
interacted significantly with drought treatment for percent symptomatic kernels, fumonisin 
B1, and grain yield.  Significant interactions were both ordinal and disordinal.   
Both planting date and insecticide treatment were highly significant main effects on 
all variables. Fusarium ear rot was more severe, fumonisin levels and thrips populations were 
higher, and there was more corn earworm injury in the late plantings, and in the treatments 
without insecticide. Yields were higher in the treatments receiving insecticides, and lower in 
the late planted treatments. Because of frequent significant interactions, mean separation was 
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not conducted on planting date and insecticide treatment main effect means.  Instead, mean 
separation analyses were conducted for each factorial combination of year, hybrid, planting 
date, and insecticide treatment, to isolate and evaluate the effect of drought stress treatment 
upon each dependent variable (Tables 2.4 – 2.9). 
In spite of the significant interactions, a substantial positive planting date trend, 
coupled with a clear insecticide treatment effect, was apparent for ear rot severity and 
fumonisin B1 contamination, as well as intra-ear thrips populations and corn earworm 
damage.  Fully irrigated, unsprayed plots of the susceptible hybrid A produced grain samples 
with 5.8%, 8.7%, and 58.7%, and 55.6%, 80.5%, and 84.6% symptomatic kernels in early, 
normal, and late plantings in 2002 and 2003, respectively (Table 2.4).  The comparable set of 
plots sprayed with insecticide produced grain samples with 0.4%, 0.6%, and 11.6%, and 
2.7%, 15.4%, and 16.3% symptomatic kernels in early, normal and late plantings in 2002 and 
2003, respectively.  Fumonisin B1 contamination levels for the fully irrigated, unsprayed 
hybrid A plots were 4.1, 18.3, and 125.1 mg/kg, and 145.2, 293.7, and 495.2 mg/kg from 
early, normal, and late plantings in 2002 and 2003, respectively, while contamination levels 
from comparable sprayed plots were 0.5, 0.3, and 14.8 mg/kg, and 3.0, 21.9, and 39.6 mg/kg 
(Table 2.5).  Mean intra-ear thrips counts for the same hybrid A subset were 24.3, 38.1, and 
275.8, and 195.1, 283.7, and 265.3 thrips per ear for early, normal, and late plantings in 2002 
and 2003, respectively, and  0.7, 2,8, and 33.2, and 7.9, 49.0, and 51.8 for the comparable 
plots treated with insecticide (Table 2.6).   
Mean corn earworm damage also appeared to have a positive relationship with a 
successively later planting date, though the magnitude of the effect appeared smaller than 
those for disease severity and intra-ear thrips populations.  Fully irrigated, unsprayed plots of 
   
  49 
 
hybrid A suffered 0%, 22.5%, and 25%, and 10%, 15%, and 15% average damage by corn 
earworm in early, normal and late plantings in 2002 and 2003, respectively (Table 2.7).  
Comparable plots treated with insecticide suffered 0%, 0%, and 12.5%, and 2.5%, 5.0%, and 
5.0% damage in early, normal and late 2002 and 2003 plantings.  In contrast to disease 
severity and insect variables, the planting date trend for grain yield was negative.  Fully 
irrigated, unsprayed plots of the susceptible hybrid A yielded 12959, 11220, and 10004 
kg/ha, and 11891, 11506, and 10327 kg/ha in early, normal and late plantings, during 2002 
and 2003, respectively (Table 2.9).  Yields from comparable sprayed plots were 14377, 
12550, and 13575 kg/ha, and 14147, 13709, and 11991 kg/ha. Though most obvious for the 
susceptible hybrid A, in all examples cited, the planting date and insecticide treatment trends 
were essentially the same for all hybrids. 
The irrigation regimes were successful in inducing the desired drought stress as 
indicated by impaired grain yields (Table 2.9).  Plots that received specific drought treatment 
levels in combination with insecticide generally yielded higher than plots of the same 
drought treatment levels without insecticide.  Within insecticide regimes, fully irrigated (non-
stressed) plots exhibited the highest yields. The flowering and reproductive drought 
treatments often significantly reduced yields to the greatest degree, followed by the 
vegetative drought treatment (Table 2.9). 
From the mean separation results, significant effects of drought treatments on percent 
symptomatic kernels, fumonisin B1 concentrations, intra-ear thrips populations, and corn 
earworm damage were infrequent.  Considering all factorial combinations of hybrid, year, 
planting date, and insecticide regime, there was no instance where a drought stress treatment 
significantly increased the percentage of symptomatic kernels, fumonisin B1 concentration, 
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intra-ear thrips population, or corn earworm damage over the non-stressed treatment (Tables 
2-5). In some treatment combinations where Fusarium ear rot and fumonisin levels were 
moderate, such as the earlier plantings in 2002, and the insecticide-treated plots in 2003, the 
flowering stress treatment had the highest mean ear rot and fumonisins among the drought 
treatments, but these differences were not significant. In contrast, there were occasional cases 
where a vegetative or reproductive drought stress actually reduced kernel symptoms or 
fumonisin B1, relative to the non-stressed drought treatment (Table 2-3). 
Combining data across all levels of all treatment effects, intra-ear thrips populations 
were more strongly correlated with percent symptomatic kernels (R = 0.87), and fumonisin 
B1 (R = 0.78), compared to corn earworm damage (R=0.38 and R = 0.21, respectively) 
(Table 2.10).  The percentage of symptomatic kernels in a grain sample was highly correlated 
with the concentration of fumonisin B1 in the sample (R = 0.77). 
Discussion 
 The results of this study demonstrate that the severity of Fusarium ear rot and 
associated fumonisin B1 contamination can vary widely in this region of California, 
depending on year, planting date, and hybrid variety (Tables 2.4 and 2.5).  Fusarium ear rot 
severity, estimated by proportion of kernels showing symptoms ranged from less than 1% for 
Hybrid C, planted in late March 2002 and treated with insecticide, to over 70% for Hybrid A, 
planted in late May 2003 without insecticide.  Corresponding fumonisin B1 concentrations 
ranged from 0 mg/kg to over 400 mg/kg.  The percentage of symptomatic kernels was highly 
correlated to the level of fumonisin B1 contamination, consistent with similar findings from 
other studies (Desjardins et al., 1998; Presello et al., 2007).  
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The effects of irrigation regimes on available moisture and crop growth were 
validated by yield data and soil moisture measurements.  Plot yields from different treatments 
suggest significant drought stress effects.  Drought stress significantly reduced grain yields in 
prescribed plots, relative to the grain yield of fully irrigated plots.  Nonetheless, drought 
stress was a less significant contributor to disease symptoms and fumonisin B1 contamination 
than either planting date or insecticide treatment.  These results appear contrary to previous 
observations that associated periods of drought with increased Fusarium ear rot severity and 
fumonisin B1 levels (Abbas et al., 2002; Arino & Bullerman, 1994; Miller et al. 1995; 
Pascale et al. 1997; Shelby et al. 1994).  However, these results are consistent with other 
controlled studies that did not find a significant association of measured drought stress with 
either increased insect herbivory, or higher fumonisin B1 concentrations (Alma et al., 2005).   
Most previous reports were based on observations, and controlled field studies that 
include prescribed drought stress treatment effects, combined with insect evaluations, are 
infrequent in the literature.  This gap is due in no small part to the problematic nature of 
conducting managed drought stress experiments within the US Corn Belt, which is 
characterized by timely rains throughout the growing season.  Nonetheless, environmental 
conditions may have differed in this study compared to those in previous reports. The 
overwhelming influence of high thrips populations may also have masked drought effects 
that have been evident in other environments.   
When they occur, soil water deficits in most US maize production regions tend to 
occur in the later part of the growing season.  It is plausible that, though drought correlates 
with increased Fusarium ear rot and fumonisin B1 concentration, the causal factors of higher 
disease severity under dry conditions may not include plant stress(es) caused by insufficient 
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soil moisture.  Possible alternative explanations include higher ear-infesting insect 
populations, as have been seen in other studies investigating the effect of planting date on 
fumonisin B1 contamination (Alma et al., 2005). Given the positive relationship between 
temperature and growth of F. verticillioides (Reid et al., 1999; Samapundo et al., 2005) 
higher temperatures frequently associated with drought conditions may simply allow the 
fungus to grow at a faster rate, resulting in higher disease severity and fumonisin B1 levels. 
Confirming published reports by Farrar and Davis (1991), thrips appear to be a very 
significant risk factor for Fusarium ear rot in California.  Thrips populations increased with 
successively later planting dates in each season. Regardless of drought stress treatment level, 
insecticide treatment significantly reduced thrips populations, disease symptoms, and 
fumonisin B1 contamination for all hybrids in both seasons, even from plots planted in late 
May.  Correlation analysis indicated a strong relationship between intra-ear thrips 
populations and severity of Fusarium ear rot symptoms, as well as fumonisin B1 
contamination (Table 2.10).  Visible Fusarium ear rot symptom correlation with fumonisin 
B1 contamination (R = 0.77) was very similar to a recently reported range (0.79 < R > 0.89) 
from a study in Argentina (Presello et al., 2007).     
Similar to the growth rate response of F. verticillioides, reproduction of Frankliniella 
spp. is largely driven by temperature, with increases in reproductive rate up to 30 C (Gaum et 
al., 1994; Robb and Parella, 1991).  Early in the season, when fewer heat units had 
accumulated, thrips populations were low.  With the accumulation of heat units through the 
growing season, thrips populations increased.  Thrips are quite susceptible to low humidity, 
and retreat to protected sites under hot and dry conditions, including host plant floral tissues 
(Kirk, 1997).  This description is consistent with the recovery of thrips, of multiple stages, 
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from the relatively protected tissues of immature maize ears in this study.  The irrigated 
maize plots in this study, may have been ideal refuge for the thrips trying to escape the 
typically hot and dry conditions that persist in California’s central valley, especially later into 
the summer months.  This desiccation-avoidance behavior by thrips may also offer an 
explanation for the association of higher Fusarium ear rot severity with hot and dry 
conditions at or soon after flowering in other regions. 
Given the range of thrips developmental stages recovered from immature ears, the 
Frankliniella spp. observed in this study appear to use maize ears as oviposition sites, in 
addition to refuge and/or feeding sites for adults. Seasonal population increases, coupled with 
thigmotactic behavior to avoid the hot and dry conditions characteristic of the region, 
manifested in the planting date effect seen in this study, where successively later plantings 
suffered higher populations of intra-ear thrips. The role of thrips in Fusarium ear rot and 
fumonisin contamination needs to be investigated in other parts of the world, particularly in 
climates similar to California, such as the Mediterranean region.  
Corn earworm is a significant pest of US maize production, and it has been associated 
with increased levels of Fusarium ear rot (Smeltzer, 1959).  None of the maize genotypes in 
this study contained Bt-based genetic resistance, and corn earworm injury estimates for all 
hybrids ranged from 0 to 18% of kernels damaged by corn earworm feeding.  However, 
differentiation among hybrids for corn earworm damage was not nearly as pronounced as for 
thrips populations.  The correlations between corn earworm injury and severity of Fusarium 
ear rot symptoms, as well as fumonisin B1, while significant, were not as strong as the 
relationships between thrips populations and these variables (Table 2.10).   
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The apparent difference in the risk posed by thrips and corn earworm for the severity 
of Fusarium ear rot symptoms and associated fumonisin B1 contamination may in part be 
accounted for by the nature of difference in feeding damage between the two species.  When 
infesting non-Bt hybrid maize ears, corn earworm caterpillars tend to destroy a majority of 
the tissue of individual kernels on which they feed, though immediately adjacent kernels may 
be left largely intact and undamaged (Clements et al., 2003).  In contrast, thrips feeding does 
not completely consume individual kernels, but rather leaves them largely intact, but with 
damaged or weakened pericarp tissue that is susceptible to infection by ear rotting fungi like 
Fusarium verticillioides.  Corn earworm feeding, except in exceedingly heavy infestations, 
also tends to remain contained to ear tips, while thrips feeding can damage virtually all 
kernels of the ears of susceptible genotypes such as hybrid A.  
Results from this study suggest that there is significant host resistance to intra-ear 
thrips infestation and Fusarium ear rot symptoms associated with thrips. Differences among 
these three hybrid genotypes for both intra-ear thrips populations and percent symptomatic 
kernel are most likely explained by husk morphology. Hybrid C was characterized by husks 
that typically extended beyond the tip of the developing ear at time of thrips evaluation by 
30-40 mm (Table 2.8).  In contrast, both hybrid B and hybrid A exhibited husk leaves that 
typically did not extend as far beyond the developing ear tips, or sometimes left ear tips 
exposed at time of thrips evaluation.  Though not quantified, the primary differentiating 
factor between hybrid B and hybrid A husk leaves was tightness, with hybrid B husk tightly 
encircling the protruding silks, while hybrid A husk leaves only loosely contacted exserted 
silks.  The effect of husk cover observed here is consistent with past reports and observations 
that associated long, and/or intact husks, or compromised husks in tandem with insecticide, 
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with decreased Fusarium ear rot severity (Cassini, 1981; Hesseltine and Bothast, 1977; 
Warfield and Davis, 1996).  Sufficient husk cover was also associated with lower rates of the 
silk-cut phenotype, and associated fungal infection (Odvody et al., 1997).  This study 
underscores the importance of husk cover in preventing fumonisin B1 contamination by 
excluding insects such as thrips.   
Unfortunately, long and tight husks are often viewed unfavorably by breeders and 
producers, since long husks slow the grain drying process in the field and may substantially 
increase production costs when growers have to use gas powered dryers to reduce grain 
moisture after harvest to prevent spoilage.  Long husks are not as detrimental to growers in 
fuller season environments like California or the US Southeast, since the length of growing 
season typically allows a producer to leave the crop in the field to dry for a longer duration, 
compared to production in higher latitudes.  Nonetheless, grain producers may prefer host 
plant resistance to intra-ear thrips infestation and associated Fusarium ear rot that does not 
require longer husk leaves.  A transgenic solution would likely also allow resistance trait 
introgression into the most elite, high-yielding varieties, without genetic linkages that often 
put conventionally resistant hybrids at a yield disadvantage. Such resistance strategies might 
include engineering for thicker pericarp and/or improved kernel pericarp integrity to reduce 
damage from insect feeding (Hoenisch and Davis, 1994), or perhaps insecticidal activity 
against thrips species, similar to current commercial Bt products that target lepidopteran pest 
species. 
This study suggests that higher reported disease levels in late plantings, though often 
associated with hot and droughty conditions, may sometimes be more appropriately 
attributed to higher populations of ear infesting insects like thrips, or perhaps higher 
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temperatures that promote higher rates of F. verticillioides growth and fumonisin B1 
accumulation. Regardless of cause, in regions like California where thrips are a known risk, 
early planting of resistant varieties to avoid large local thrips populations should reduce the 
risk of Fusarium ear rot and associated mycotoxins.  Growers who cannot plant early should 
consider scouting for thrips and applying insecticide, depending on the value and purpose of 
the crop.  While most commercial grain production fields may not warrant insect control, the 
value of research or seed production field values may justify the expense. 
Frankliniella occidentalis and F. williamsi are globally reported on hundreds of crop 
and non-crop species.  Thrips are routinely cited damaging foliar tissues of maize seedlings, 
but there is little information in the literature quantifying which US and international maize 
production regions outside of California are at risk for thrips ear infestations.  There are 
several possible contributing factors to this lack of information.  Though thrips are reported 
routinely as a pest of seedling corn in many areas of the US, they may simply not be a 
significant threat to infest ears outside of environments like those in the central valley of 
California, perhaps evidenced by the fact that fumonisin B1 concentrations in most regions of 
the US rarely reach the levels reported in this study.  Scouting for thrips within ears requires 
destructive sampling of the crop, which may discourage some growers who would otherwise 
scout for thrips.  Ear infestation occurs during a fairly specific period of grain filling, from 
R2 through R4.  Even if a grower chooses to destructively scout for thrips, their extremely 
small size (~1-2 mm) relative to other insect pests of maize can make them very difficult to 
identify and count.  It is unclear how thrips use maize ears to complete their life cycle, and 
how different thrips developmental stages influence Fusarium ear rot risk. 
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Regardless of the difficulties of scouting for and enumerating thrips within maize 
ears, the high level of disease severity and associated mycotoxins this study associates with 
thrips provides justification for surveys to evaluate similar risk in regions with climates 
similar to Woodland, CA, and/or regions where related thrips species are known to be active.  
Frankliniella occidentalis is an acknowledged pest of crops other than maize in countries that 
report significant Fusarium kernel rot and fumonisin risks, including Italy, South Africa, 
Argentina, Brazil, Australia, and Spain (EPPO, 1989).  To date, infestation of maize ears by 
thrips, and association with Fusarium kernel rot and fumonisins, has not been reported in any 
of these countries. 
Corn producers and researchers should consider trends in local and/or global climate 
change that may render previously unfavorable environments suitable for these thrips 
species.  Similarly, increases in global demand for maize due to growing human populations 
and crop utilization for biofuel, coupled with cultivar improvements that allow maize 
cultivation in ‘marginal’ growing environments, will likely place a larger percentage of 
global production at risk within environments that may be suitable to thrips. 
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Table 2.1 Analysis of Variance (ANOVA) for effects of planting date, insecticide treatment, and drought stress treatment on 
percentage of maize kernels with visible Fusarium ear rot symptoms and fumonisin B1 concentrations (mg/kg),  for three hybrids 
grown in Woodland, CA during 2002 and 2003. 
    Symptomatic Kernels (%) e, g Fumonisin B1 (mg/kg) f, g 
Hybrid a Year Source d.f. F Ratio Prob > F F Ratio Prob > F 
Planting Date b 2 29.2 <0.001 59.6 <0.001 
Insecticide c 1 69.4 <0.001 119.9 <0.001 
Planting Date x Insecticide 2 0.1 0.934 2.0 0.188 
Drought d 3 3.8 0.022 1.2 0.323 
Planting Date x Drought 6 3.2 0.017 4.0 0.005 
Insecticide x Drought 3 1.7 0.199 2.5 0.077 
2002 
Planting Date x Insecticide x Drought 6 0.5 0.788 3.1 0.020 
Planting Date 2 59.1 <0.001 108.1 <0.001 
Insecticide 1 292.9 <0.001 666.7 <0.001 
Planting Date x Insecticide 2 4.5 0.045 3.0 0.102 
Drought 3 1.6 0.204 4.1 0.015 
Planting Date x Drought 6 0.9 0.537 1.2 0.327 
Insecticide x Drought 3 2.3 0.104 1.9 0.148 
A 
2003 
Planting Date x Insecticide x Drought 6 1.0 0.448 0.6 0.704 
Planting Date 2 40.0 <0.001 41.7 <0.001 
Insecticide 1 69.1 <0.001 70.3 <0.001 
Planting Date x Insecticide 2 2.3 0.159 11.4 0.003 
Drought 3 3.6 0.026 1.7 0.189 
Planting Date x Drought 6 3.8 0.007 1.0 0.437 
Insecticide x Drought 3 6.4 0.002 1.8 0.166 
2002 
Planting Date x Insecticide x Drought 6 2.6 0.044 1.0 0.440 
Planting Date 2 66.7 <0.001 47.3 <0.001 
Insecticide 1 475.5 <0.001 101.6 <0.001 
Planting Date x Insecticide 2 1.2 0.350 1.2 0.348 
Drought 3 0.3 0.850 4.3 0.013 
Planting Date x Drought 6 1.3 0.279 1.3 0.288 
Insecticide x Drought 3 0.4 0.720 0.8 0.510 
B 
2003 
Planting Date x Insecticide x Drought 6 0.6 0.724 0.2 0.967 
Planting Date 2 19.2 0.001 27.4 <0.001 
Insecticide 1 14.3 0.004 222.0 <0.001 
Planting Date x Insecticide 2 1.2 0.343 41.0 <0.001 
Drought 3 4.1 0.016 2.1 0.121 
Planting Date x Drought 6 2.5 0.049 3.8 0.007 
Insecticide x Drought 3 2.6 0.070 6.4 0.002 
2002 
Planting Date x Insecticide x Drought 6 2.1 0.092 0.7 0.636 
Planting Date 2 49.1 <0.001 22.8 <0.001 
Insecticide 1 160.9 <0.001 65.5 <0.001 
Planting Date x Insecticide 2 0.0 0.952 1.0 0.399 
Drought 3 0.9 0.462 0.6 0.649 
Planting Date x Drought 6 1.7 0.151 1.1 0.363 
Insecticide x Drought 3 1.4 0.274 0.5 0.716 
C 
2003 
Planting Date x Insecticide x Drought 6 1.3 0.306 0.4 0.882 
a Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
b Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
c Plots were either sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination), or were not sprayed. 
d Four irrigation regimes were applied to achieve drought stress treatments: full irrigation, vegetative drought stress, flowering drought stress, reproductive 
drought stress. 
e Each kernel of a representative 30 gram subsample of grain from each plot was categorized as ‘symptomatic’ or ‘asymptomatic’, and the weight of 
symptomatic kernels was expressed as a percentage of the total subsample weight for each plot.  
f A 454 gram grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration. 
g Symptomatic kernel (%) and fumonisin B1 (mg/kg) data were transformed by the ‘square root of the square root’ method to meet assumptions of the 
analysis of variance. 
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Table 2.2 Analysis of Variance (ANOVA) for effects of planting date, insecticide treatment, and drought stress treatment on intra-
ear thrips populations 21 days after pollination, and estimated percentage of kernels at harvest damaged by corn earworm feeding,  
for three hybrids grown in Woodland, CA during 2002 and 2003. 
    Intra-ear Thrips (#) e, g Corn Earworm Damage (%) f 
Hybrid a Year Source d.f. F Ratio Prob > F F Ratio Prob > F 
Planting Date b 2 243.9 <0.001 56.5 <0.001 
Insecticide c 1 191.2 <0.001 241.7 <0.001 
Planting Date x Insecticide 2 0.4 0.679 68.3 <0.001 
Drought d 3 1.1 0.360 0.1 0.965 
Planting Date x Drought 6 0.7 0.681 0.2 0.964 
Insecticide x Drought 3 1.1 0.370 2.1 0.120 
2002 
Planting Date x Insecticide x Drought 6 0.9 0.501 1.2 0.344 
Planting Date 2 324.9 <0.001 8.7 0.008 
Insecticide 1 390.8 <0.001 58.9 <0.001 
Planting Date x Insecticide 2 15.2 0.001 4.2 0.051 
Drought 3 0.9 0.474 0.5 0.667 
Planting Date x Drought 6 1.7 0.172 0.7 0.683 
Insecticide x Drought 3 0.6 0.618 0.1 0.945 
A 
2003 
Planting Date x Insecticide x Drought 6 2.3 0.060 0.5 0.795 
Planting Date 2 13.2 0.002 47.2 <0.001 
Insecticide 1 126.4 <0.001 189.9 <0.001 
Planting Date x Insecticide 2 1.1 0.388 49.5 <0.001 
Drought 3 1.2 0.344 2.8 0.056 
Planting Date x Drought 6 1.2 0.358 0.7 0.618 
Insecticide x Drought 3 0.3 0.859 1.7 0.191 
2002 
Planting Date x Insecticide x Drought 6 1.8 0.145 0.5 0.831 
Planting Date 2 24.3 <0.001 8.4 0.009 
Insecticide 1 223.3 <0.001 16.2 0.003 
Planting Date x Insecticide 2 1.1 0.359 1.6 0.256 
Drought 3 0.0 0.998 0.8 0.500 
Planting Date x Drought 6 1.0 0.439 0.4 0.849 
Insecticide x Drought 3 1.2 0.343 0.3 0.809 
B 
2003 
Planting Date x Insecticide x Drought 6 0.9 0.514 0.4 0.853 
Planting Date 2 186.8 <0.001 44.4 <0.001 
Insecticide 1 15.6 0.003 222.2 <0.001 
Planting Date x Insecticide 2 4.8 0.038 69.4 <0.001 
Drought 3 4.9 0.008 0.5 0.673 
Planting Date x Drought 6 1.1 0.389 0.1 0.988 
Insecticide x Drought 3 1.1 0.365 0.2 0.926 
2002 
Planting Date x Insecticide x Drought 6 5.9 <0.001 0.9 0.499 
Planting Date 2 201.5 <0.001 4.5 0.045 
Insecticide 1 292.7 <0.001 30.6 <0.001 
Planting Date x Insecticide 2 3.9 0.061 0.3 0.748 
Drought 3 0.0 0.997 0.2 0.917 
Planting Date x Drought 6 1.0 0.438 0.6 0.732 
Insecticide x Drought 3 0.2 0.920 0.5 0.713 
C 
2003 
Planting Date x Insecticide x Drought 6 1.0 0.419 0.9 0.493 
a Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
b Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
c Plots were either sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination), or were not sprayed. 
d Four irrigation regimes were applied to achieve drought stress treatments: full irrigation, vegetative drought stress, flowering drought stress, reproductive 
drought stress. 
e Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and 
counts averaged to estimate of the number of intra-ear thrips per plot. 
f Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
g Intra-ear thrips (#) data were transformed by the ‘square root of the square root’ method to meet assumptions of the analysis of variance. 
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Table 2.3 Analysis of Variance (ANOVA) for effects of planting date, insecticide treatment, and drought stress treatment on husk 
length measured 21 days after pollination, and harvested grain yield (kg/ha) corrected to 15.5% moisture,  for three hybrids grown 
in Woodland, CA during 2002 and 2003. 
    Husk Length (mm) e Grain Yield (kg/ha) f 
Hybrid a Year Source d.f. F Ratio Prob > F F Ratio Prob > F 
Planting Date b 2 2.5 0.141 20.7 <0.001 
Insecticide c 1 7.8 0.021 160.1 <0.001 
Planting Date x Insecticide 2 8.7 0.008 3.2 0.091 
Drought d 3 0.5 0.684 90.6 <0.001 
Planting Date x Drought 6 1.0 0.463 12.3 <0.001 
Insecticide x Drought 3 0.4 0.757 14.7 <0.001 
2002 
Planting Date x Insecticide x Drought 6 1.5 0.202 10.3 <0.001 
Planting Date 2 16.5 0.001 15.9 0.001 
Insecticide 1 0.0 0.847 28.7 <0.001 
Planting Date x Insecticide 2 0.6 0.582 0.1 0.945 
Drought 3 2.3 0.099 33.8 <0.001 
Planting Date x Drought 6 0.4 0.888 2.7 0.035 
Insecticide x Drought 3 0.5 0.699 2.9 0.052 
A 
2003 
Planting Date x Insecticide x Drought 6 0.1 0.995 0.2 0.976 
Planting Date 2 11.3 0.004 16.1 0.001 
Insecticide 1 0.5 0.489 36.6 <0.001 
Planting Date x Insecticide 2 0.5 0.616 4.2 0.050 
Drought 3 2.8 0.059 148.0 <0.001 
Planting Date x Drought 6 1.5 0.214 9.4 <0.001 
Insecticide x Drought 3 0.3 0.804 15.3 <0.001 
2002 
Planting Date x Insecticide x Drought 6 2.4 0.058 5.4 0.001 
Planting Date 2 6.6 0.017 13.9 0.002 
Insecticide 1 7.3 0.024 4.8 0.055 
Planting Date x Insecticide 2 0.3 0.725 0.0 0.971 
Drought 3 12.2 <0.001 50.0 <0.001 
Planting Date x Drought 6 1.8 0.137 1.1 0.365 
Insecticide x Drought 3 0.3 0.810 0.6 0.649 
B 
2003 
Planting Date x Insecticide x Drought 6 1.2 0.321 0.4 0.903 
Planting Date 2 15.9 0.001 15.0 0.001 
Insecticide 1 0.8 0.392 142.1 <0.001 
Planting Date x Insecticide 2 0.4 0.687 8.2 0.009 
Drought 3 11.4 <0.001 99.0 <0.001 
Planting Date x Drought 6 1.4 0.240 9.8 <0.001 
Insecticide x Drought 3 1.0 0.422 7.2 0.001 
2002 
Planting Date x Insecticide x Drought 6 1.3 0.291 4.3 0.004 
Planting Date 2 44.5 <0.001 7.7 0.011 
Insecticide 1 3.8 0.083 17.9 0.002 
Planting Date x Insecticide 2 0.8 0.463 1.1 0.378 
Drought 3 4.7 0.009 73.7 <0.001 
Planting Date x Drought 6 1.1 0.399 2.6 0.041 
Insecticide x Drought 3 2.3 0.101 0.1 0.944 
C 
2003 
Planting Date x Insecticide x Drought 6 0.1 0.991 0.8 0.558 
a Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
b Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
c Plots were either sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination), or were not sprayed. 
d Four irrigation regimes were applied to achieve drought stress treatments: full irrigation, vegetative drought stress, flowering drought stress, reproductive 
drought stress. 
e Three representative ears were harvested from each plot 21 days after pollination; the distance from the tip of the developing ear within the husk leaves 
to the distal end of the silk channel was measured (mm) for each of three ears, and the average value recorded for the plot; negative values indicate 
developing ears that extended beyond the distal husk terminus. 
f Grain was harvested from each plot with a commercial research plot combine, and grain yield data were standardized to 15.5% moisture. 
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Table 2.4 Percentages of kernels with symptoms of Fusarium ear rot in grain samples of three different maize hybrids from field 
experiments in Woodland, CA, in 2002 and 2003, according to planting date, insecticide treatment, and drought stress treatment.  
Values are least square means (n = 4), though analysis of variance and means separation tests were conducted on transformed 
(square root of square root) data.  Means within columns and planting dates not followed the same letter significantly differ 
(Tukey’s HSD, p ≤ 0.05). 
   Symptomatic Kernels (%) a  
   2002 2003  
Hybrid b 
Planting  
Date c 
Drought  
Treatment d Insecticide e   SE 
No  
Insecticide f   SE Insecticide   SE 
No  
Insecticide   SE AVERAGE 
None 0.4   5.8 AB  2.7   55.6   
Vegetative 0.2  2.0 B 1.4  47.5  
Flowering 0.8  16.8 A 3.8  60.3  
March 
Reproductive 0.1  
0.2 
6.7 AB 
2.2 
2.4  
1.2 
23.8  
5.2 14.4 
None 0.6  8.7  15.4  80.5  
Vegetative 1.1  12.2  8.3  82.7  
Flowering 0.3  22.2  21.4  78.8  
April 
Reproductive 0.9  
0.5 
6.2  
3.2 
19.8  
4.5 
91.9  
5.4 28.2 
None 11.6  58.7  16.3  84.6  
Vegetative 6.3  64.5  8.8  85.4  
Flowering 3.2  55.5  22.3  80.5  
A 
May 
Reproductive 3.2   
1.5 
25.8   
10.3 
20.1   
4.6 
94.4   
5.6 40.1 
None 0.0   2.6 AB 2.5   28.6   
Vegetative 0.0  0.2 B 1.8  18.6  
Flowering 0.3  10.6 A 1.6  16.0  
March 
Reproductive 0.3  
0.2 
0.8 AB 
2.2 
1.7  
0.6 
22.0  
5.3 6.7 
None 0.3  9.0 A 5.4  50.5  
Vegetative 0.0  4.9 A 10.2  52.7  
Flowering 0.0  10.1 A 9.4  59.3  
April 
Reproductive 0.0  
0.2 
0.2 B 
1.7 
7.2  
1.8 
44.6  
5.9 16.5 
None 1.4  46.5  5.6  53.0  
Vegetative 1.7  49.0  7.1  55.1  
Flowering 0.6  23.5  8.7  61.1  
B 
May 
Reproductive 0.9   
0.6 
5.6   
6.4 
8.7   
2.0 
47.3   
6.0 23.5 
None 0.0   0.0   0.3   1.9   
Vegetative 0.3  0.3  0.4  2.2  
Flowering 0.0  2.3  0.1  1.7  
March 
Reproductive 0.0  
0.1 
0.2  
0.7 
0.2  
0.2 
1.0  
0.5 0.7 
None 0.2  0.7  1.5  8.8  
Vegetative 0.3  1.0  0.9  7.9  
Flowering 0.3  1.9  2.7  8.5  
April 
Reproductive 0.1  
0.2 
0.3  
0.6 
1.3  
0.4 
9.9  
1.3 2.9 
None 1.7 A 4.4  1.5  9.3  
Vegetative 0.0 B 7.7  1.0  8.3  
Flowering 0.7 A 4.0  2.8  8.7  
C 
May 
Reproductive 0.4 AB 
0.3 
1.6  
1.0 
1.4  
0.5 
10.4  
1.4 4.0 
    AVERAGE 1.0     13.1     6.3     40.4       
a Each kernel of a representative 30 gram subsample of grain from each plot was categorized as ‘symptomatic’ or ‘asymptomatic’, and the weight of 
symptomatic kernels was expressed as a percentage of the total subsample weight for each plot.  
b Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
c Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
d Four irrigation regimes were applied to achieve drought stress treatments: full irrigation, vegetative drought stress, flowering drought stress, reproductive 
drought stress. 
e Plots were sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination). 
f Plots were not sprayed with insecticide.
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Table 2.5 Fumonisin B1 concentrations (mg/kg) in grain samples of three different maize hybrids from field experiments in 
Woodland, CA, in 2002 and 2003, according to planting date, insecticide treatment, and drought stress treatment.  Values are least 
square means (n = 4), though analysis of variance and means separation tests were conducted on transformed (square root of 
square root) data.  Means within columns and planting dates not followed by the same letter significantly differ (Tukey’s HSD, p ≤ 
0.05). 
 
   Fumonisin B1 (mg/kg) a  
   2002 2003  
Hybrid b 
Planting 
Date c 
Drought  
Treatment d Insecticide e   SE 
No  
Insecticide f   SE Insecticide   SE 
No  
Insecticide   SE AVERAGE 
None 0.5   4.1   3.0   145.2 A 
Vegetative 0.0  0.3  0.0  72.9 AB 
Flowering 0.0  17.3  2.2  142.4 A 
March 
Reproductive 0.5  
0.3 
4.3  
1.5 
0.8  
0.9 
40.5 B 
36.6 27.1 
None 0.3  18.3  21.9  293.7  
Vegetative 0.3  27.1  9.8  230.7  
Flowering 0.0  18.5  48.5  248.4  
April 
Reproductive 0.0  
0.2 
4.5  
6.2 
38.4  
14.7 
331.2  
50.5 80.7 
None 14.8  125.1  39.6  495.2  
Vegetative 3.4  184.5  14.6  377.1  
Flowering 4.7  52.7  82.0  343.5  
A 
May 
Reproductive 6.7   
2.7 
59.6   
32.6 
58.0   
23.6 
529.3   
82.6 149.4 
None 0.0   0.4   1.3   6.9   
Vegetative 0.0  0.0  0.0  2.9  
Flowering 0.0  0.0  0.0  1.8  
March 
Reproductive 0.0  
0.0 
0.3  
0.2 
0.2  
0.4 
2.1  
2.5 1.0 
None 0.0  2.9  2.6  29.8 A 
Vegetative 0.3  2.5  3.9  12.9 AB 
Flowering 0.0  1.8  4.3  20.5 AB 
April 
Reproductive 0.0  
0.2 
1.1  
0.7 
2.6  
1.7 
11.7 B 
5.2 6.1 
None 0.7  10.4  4.6  52.2  
Vegetative 0.7  10.1  2.2  21.7  
Flowering 2.2  3.1  4.9  35.1  
B 
May 
Reproductive 0.4   
0.7 
3.4   
2.0 
5.1   
1.9 
21.9   
11.3 11.1 
None 0.0   0.3   1.5   2.1   
Vegetative 0.0  0.0  2.0  5.5  
Flowering 0.0  0.9  0.4  5.6  
March 
Reproductive 0.5  
0.1 
0.2  
0.5 
0.6  
0.9 
1.2  
2.0 1.3 
None 0.0  3.3  4.0  16.6  
Vegetative 0.3  2.4  4.8  18.7  
Flowering 0.0  3.0  6.0  20.9  
April 
Reproductive 0.0  
0.2 
0.4  
0.8 
5.6  
1.7 
24.1  
4.7 6.9 
None 2.4  10.8  7.2  25.7  
Vegetative 1.6  12.9  7.4  30.2  
Flowering 0.0  6.5  11.0  36.0  
C 
May 
Reproductive 0.8  
0.5 
2.9  
2.6 
7.9  
3.0 
37.0  
7.4 12.5 
    AVERAGE 1.1     16.5     11.4     102.6       
a A 454 gram grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration. 
b Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
c Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
d Four irrigation regimes were applied to achieve drought stress treatments: full irrigation, vegetative drought stress, flowering drought stress, reproductive 
drought stress. 
e Plots were sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination). 
f Plots were not sprayed with insecticide.
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Table 2.6 Intra-ear thrips populations at 21 days after pollination, for three different maize hybrids from field experiments in 
Woodland, CA, in 2002 and 2003, according to planting date and insecticide treatment.  Values are least square means (n = 16). 
 
  Intra-ear Thrips (#) a  
  2002 2003  
Hybrid b 
Planting 
Date c Insecticide d SE 
No  
Insecticide e SE Insecticide SE 
No  
Insecticide SE AVERAGE 
March 0.8 0.6 24.7 6.1 4.3 2.4 153.5 30.6 45.8 
April 1.5 1.1 41.4 12.1 47.8 12.3 274.5 37.4 91.3 A 
May 27.7 8.1 268.3 70.1 53.8 13.7 260.0 26.6 152.4 
March 0.6 0.6 10.5 4.5 4.8 2.4 33.2 7.0 12.3 
April 0.9 0.9 24.8 8.6 9.7 3.6 64.2 8.8 24.9 B 
May 8.3 5.6 71.3 22.3 21.0 4.8 90.0 12.7 47.7 
March 0.2 0.1 0.4 0.6 0.3 0.2 6.1 2.8 1.7 
April 0.1 0.1 1.6 0.7 10.2 1.6 45.9 8.7 14.4 C 
May 3.6 2.0 16.9 6.6 21.0 2.5 67.6 10.2 27.3 
  AVERAGE 4.8   51.1   19.2   110.6     
a Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and 
counts averaged to estimate of the number of intra-ear thrips per plot. 
b Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
c Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
d Plots were sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination). 
e Plots were not sprayed with insecticide.
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Table 2.7 Estimated percentages of kernels damaged by corn earworm for three different maize hybrids from field experiments in 
Woodland, CA, in 2002 and 2003, according to planting date, insecticide treatment.  Values are least square means (n = 16). 
 
  Corn Earworm Damage (%) a  
  2002 2003  
Hybrid b 
Planting 
Date c Insecticide d SE 
No  
Insecticide e SE Insecticide SE 
No  
Insecticide SE AVERAGE 
March 0.0 0.0 0.0 0.0 1.9 2.2 6.3 3.7 2.0 
April 0.0 0.0 25.6 4.3 7.5 3.5 14.4 2.8 11.9 A 
May 9.4 4.0 27.0 5.1 3.8 2.7 15.0 6.0 13.8 
March 0.0 0.0 0.0 0.0 1.9 2.2 6.9 3.8 2.2 
April 0.0 0.0 16.3 4.9 6.3 4.9 11.3 3.7 8.5 B 
May 0.6 1.3 21.3 2.7 8.5 4.9 20.6 5.8 12.8 
March 0.0 0.0 0.0 0.0 1.3 1.8 0.3 0.2 0.4 
April 0.0 0.0 23.8 3.2 6.3 3.2 10.2 1.6 10.1 C 
May 5.0 3.1 18.1 5.1 3.8 3.4 21.0 2.5 12.0 
  AVERAGE 1.7   14.7   4.6   11.8     
 
a Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
b Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
c Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
d Plots were sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination). 
e Plots were not sprayed with insecticide.
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Table 2.8 Husk length (mm) of three different maize hybrids from field experiments in Woodland, CA, in 2002 and 2003, according 
to planting date, insecticide treatment, and drought stress treatment.  Values are least square means (n = 4).  Means within columns 
and planting dates not followed by the same letter significantly differ (Tukey’s HSD, p ≤ 0.05). 
 
   
Husk Length (mm) a 
  
   2002 2003  
Hybrid b 
Planting 
Date c 
Drought  
Treatment d Insecticide e   SE 
No  
Insecticide f   SE Insecticide   SE 
No  
Insecticide   SE AVERAGE 
None 2.5   10.0   -4.8   -8.3   
Vegetative 5.0  6.5  1.8  -8.3  
Flowering 2.5  -5.5  7.5  4.3  
March 
Reproductive -10.0  
9.2 
8.8  
7.6 
2.0  
6.3 
-7.3  
7.0 0.4 
None 27.5  -7.5  18.8  17.3  
Vegetative 39.5  10.0  24.5  28.3  
Flowering 30.0  -21.3  21.0  30.0  
April 
Reproductive 16.3  
11.6 
3.8  
11.4 
11.8  
8.0 
9.3  
10.5 16.2 
None 23.8  0.0  19.3  16.8  
Vegetative 7.5  5.0  25.3  28.8  
Flowering 2.5  27.5  20.8  29.5  
A 
May 
Reproductive 21.3   
9.9 
5.0   
10.0 
11.5   
8.1 
10.0   
10.4 15.9 
None -7.5   8.8   -11.8   -6.5   
Vegetative 6.3  2.5  0.5  0.5  
Flowering 20.0  15.0  -10.5  5.0  
March 
Reproductive 13.8  
5.4 
0.0  
4.9 
-5.3  
6.4 
-9.8  
7.4 1.3 
None 5.0  -26.3  -23.3 B -12.8  
Vegetative 1.3  1.3  -24.3 B -8.5  
Flowering -10.0  -3.8  -2.0 A -2.3  
April 
Reproductive -6.3  
8.2 
-10.0  
8.7 
-24.5 B 
3.7 
-14.5  
3.5 -10.0 
None -1.3  -2.5  -24.0 B -12.5 AB 
Vegetative -3.8  -10.0  -18.8 B -8.3 AB 
Flowering 7.5  12.5  -2.0 A -2.0 A 
B 
May 
Reproductive -3.8   
7.6 
3.8   
5.3 
-25.5 B 
4.9 
-17.3 B 
3.5 -6.7 
None 46.3 A 45.0   34.0   27.3 B 
Vegetative 53.8 A 41.3  33.8  40.5 AB 
Flowering 21.3 B 16.3  41.5  35.5 AB 
March 
Reproductive 37.5 AB 
5.1 
40.0  
7.7 
42.3  
3.5 
47.5 A 
3.7 37.7 
None 46.3  51.3  48.5  44.3  
Vegetative 42.5  45.0  56.0  56.5  
Flowering 42.5  22.5  59.3  47.0  
April 
Reproductive 46.3  
6.7 
42.5  
7.3 
53.0  
4.6 
51.3  
4.8 47.2 
None 66.3 A 52.5  50.3  45.3  
Vegetative 45.0 B 70.0  54.5  58.3  
Flowering 52.5 AB 46.3  60.3  47.5  
C 
May 
Reproductive 55.0 AB 
5.0 
53.8  
8.6 
51.5  
4.6 
50.0  
5.2 53.7 
    AVERAGE 20.7     15.5     15.9     17.0       
a Three representative ears were harvested from each plot 21 days after pollination; the distance from the tip of the developing ear within the husk leaves 
to the distal end of the silk channel was measured (mm) for each of three ears, and the average value recorded for the plot; negative values indicate 
developing ears that extended beyond the distal husk terminus. 
b Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
c Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
d Four irrigation regimes were applied to achieve drought stress treatments: full irrigation, vegetative drought stress, flowering drought stress, reproductive 
drought stress. 
e Plots were sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination). 
f Plots were not sprayed with insecticide.
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Table 2.9 Grain yield (kg/ha) of three different maize hybrids from field experiments in Woodland, CA, in 2002 and 2003, 
according to planting date, insecticide treatment, and drought stress treatment.  Values are least square means (n = 4).  Means 
within columns and planting dates not followed by the same letter significantly differ (Tukey’s HSD, p ≤ 0.05). 
 
    Grain Yield (kg/ha) a  
   2002 2003  
Hybrid b 
Planting  
Date c 
Drought  
Treatment d Insecticide e   SE 
No 
Insecticide f   SE Insecticide   SE 
No  
Insecticide   SE AVERAGE 
None 14377 A 12959 A 14147 A 11891 A 
Vegetative 13753 A 11696 A 13151 A 12215 A 
Flowering 9167 B 6420 B 9188 B 9000 B 
March 
Reproductive 10075 B 
447 
7871 B 
515 
10433 B 
552 
9150 B 
528 10968 
None 12550 A 11219 A 13709 A 11506 A 
Vegetative 11851 AB 10071 A 11176 B 10082 AB 
Flowering 11133 AB 2778 C 9085 B 8213 B 
April 
Reproductive 9768 B 
447 
7304 B 
429 
10788 B 
527 
9831 AB 
690 10066 
None 13575 A 10003 A 11991 A 10326  
Vegetative 12006 B 8642 AB 9779 B 8821  
Flowering 11107 B 7914 B 8092 C 7679  
A 
May 
Reproductive 12134 AB 
369 
10074 A 
554 
10582 AB 
421 
9214   
627 10121 
None 14987 A 14514 A 14407 A 13269 A 
Vegetative 15243 A 11193 B 13784 AB 12187 A 
Flowering 9384 B 6640 C 9491 C 8912 B 
March 
Reproductive 8526 B 
689 
6326 C 
721 
11509 BC 
517 
11414 A 
519 11362 
None 13366 A 11241 A 13070 A 12231 AB 
Vegetative 11463 A 9048 B 12668 A 12523 A 
Flowering 11730 A 4316 C 9761 C 8315 B 
April 
Reproductive 8087 B 
618 
4637 C 
430 
11171 B 
405 
10917 AB 
1057 10284 
None 13995 A 13283 A 12105 A 10693  
Vegetative 12782 AB 12120 A 10751 AB 10581  
Flowering 11229 BC 8415 C 9136 B 7810  
B 
May 
Reproductive 10578 C 
742 
10719 B 
458 
9652 B 
411 
9164   
852 10813 
None 14283 A 13965 A 13910 A 13041 A 
Vegetative 13985 A 12688 A 13445 A 12850 A 
Flowering 10215 B 8551 B 8914 B 8414 B 
March 
Reproductive 9754 B 
311 
7187 B 
588 
10167 B 
502 
10387 B 
496 11360 
None 13597 A 12330 A 11990 AB 11218 A 
Vegetative 12257 AB 10916 A 13674 A 11702 A 
Flowering 11957 AB 5186 C 7994 C 7598 B 
April 
Reproductive 10688 B 
505 
7859 B 
547 
11010 B 
462 
9740 AB 
728 10607 
None 14308 A 12991 A 11297  11030 A 
Vegetative 12793 AB 10726 B 11618  11199 A 
Flowering 11212 B 9194 C 9059  7628 B 
C 
May 
Reproductive 12574 AB 
403 
11218 B 
469 
9133  
744 
7997 B 
378 10873 
    AVERAGE 11958     9506     11162     10243       
a Grain was harvested from each plot with a commercial research plot combine, and grain yield data were standardized to 15.5% moisture. 
b Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature.  
c Plots were sown March 25th, April 21st, and May 23rd in 2002; March 27th, April 20th, and May 25th in 2003. 
d Four irrigation regimes were applied to achieve drought stress treatments: full irrigation, vegetative drought stress, flowering drought stress, reproductive 
drought stress. 
e Plots were sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination). 
f Plots were not sprayed with insecticide.
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Table 2.10  Linear correlation analysis of intra-ear thrips populations, corn earworm damage, percent symptomatic kernels, and 
fumonisin B1 concentration.  Observations for all Woodland, CA planting dates, genotypes, insecticide treatments, and drought 
treatments were pooled for the analysis (n = 574). 
 
Variable 1 Variable 2 R 
Intra-ear Thrips (#) a Symptomatic Kernels (%) 0.87 
Intra-ear Thrips (#) Fumonisin B1 (mg/kg) d 0.78 
Corn Earworm Damage (%) b Symptomatic Kernels (%) 0.38 
Corn Earworm Damage (%) Fumonisin B1 (mg/kg) 0.21 
Symptomatic Kernels (%) c Fumonisin B1 (mg/kg) 0.77 
a Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and 
counts averaged to estimate of the number of intra-ear thrips per plot. 
b Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
c Each kernel of a representative 30 gram subsample of grain from each plot was categorized as ‘symptomatic’ or ‘asymptomatic’, and the weight of 
symptomatic kernels was expressed as a percentage of the total subsample weight for each plot. 
d A 454 gram grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration.
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Figures 
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Figure 2.1 High clearance sprayer with drop nozzle configuration, used to make insecticide applications 
to plots in Woodland, CA during the 2002 and 2003 growing seasons. 
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Figure 2.2 Representative hybrid grain samples from May 25, 2002 planting in Woodland, CA.  
Column one did not receive insecticide treatment, while column two did receive insecticide treatment.  
Row one is ‘Hybrid B’ grain, row two is ‘Hybrid A’ grain, and row three is ‘Hybrid C’ grain. 
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Abstract 
 Thrips (Frankliniella spp.) feeding in maize ears has been associated with Fusarium 
ear rot in California, but this association has not been described thoroughly or reported from 
other locations. A field study was conducted in the 2002 and 2003 growing seasons in central 
California (Woodland, Yolo County), and the winter 2002 season in Hawaii (Waimea, Kauai 
County).  Plots were sown with a maize hybrid known to be susceptible to Fusarium ear rot.  
Half of the plots in each planting were treated with insecticides three times following 
pollination, while the remaining plots were not treated.  Populations of intra-ear immature 
and adult thrips were subsequently evaluated at six ear developmental stages for the number 
of immature and adult thrips within developing ears.  Grain samples from each plot were 
examined microscopically and the percentage of kernels with the silk-cut symptom was 
quantified on a weight basis.  Grain subsamples from each plot were also analyzed by 
Enzyme-Linked-Immunosorbent-Assay (ELISA) to quantify fumonisin B1 contamination.  
Maximum thrips populations for both locations and growing seasons occurred from 21 to 28 
days after pollination (DAP).  In both locations, the immature stages of thrips, including 
larvae, propupae, and pupae, predominated within maize ears at the brown-silk (21 to 28 
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DAP) stage.  Insecticide treatment in all cases reduced numbers of adults and immatures 
within ears, as well as incidence of silk-cut symptom, and fumonisin B1 contamination. 
Numbers of immature thrips were higher than those of adults, and immature thrips 
populations were more strongly correlated with silk-cut symptoms (R = 0.75) and fumonisin 
B1 accumulation (R = 0.53), as compared to adult thrips (R = 0.48 and R = 0.36, 
respectively). Incidence of silk-cut kernels was highly correlated with contamination of grain 
by fumonisin B1 (R = 0.84).  The results suggest that thrips are not simply occasional feeders 
on developing maize ears, but can complete a substantial portion of their life cycle on maize 
ears in Woodland and Waimea. The results also indicate that thrips oviposition and/or 
feeding may be implicated as causal factors of the silk-cut symptom that is common in many 
maize-growing areas, and this may be the mechanism that connects thrips activity with 
Fusarium ear rot and fumonisin contamination of grain. 
Introduction 
Many different insect species are associated with Fusarium ear rot.  Insects serve as 
vectors and create wounds that become infection sites for F. verticillioides (Sacc.) Nirenberg 
and other species that cause Fusarium ear rot.  In field and greenhouse studies, European 
corn borer (Ostrinia nubilalis Hubner) was demonstrated to act as a vector for microconidia 
of F. verticillioides from leaves into ears, causing kernel infection (Sobek & Munkvold, 
1999).  Ears damaged by caterpillars of European corn borer and corn earworm (Helicoverpa 
zea Boddie), routinely exhibit higher fumonisin concentrations compared to undamaged ears 
(Munkvold et al., 1999; Dowd, 2000; Clements et al., 2003).  The nitidulid beetle complex 
(Carpophilus spp.; Glischrochilus quadrisignatus) is attracted to plant volatiles and 
caterpillar frass of European corn borer and corn earworm in wounded ears, and may cause 
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additional wounding to promote infection, as well as transporting fungal propagules of F. 
verticillioides (Windels et al., 1976; Dowd, 1998).  Volatiles produced by F. verticillioides 
also are attractive to nitidulid beetles and indicate a relationship between the fungus and the 
beetle, though this association has not yet been clearly demonstrated in the field (Bartelt & 
Wicklow, 1999).  Farrar and Davis (1991) initially speculated that the two-spotted spider 
mite (Tetranychus urticae Koch) was a vector for F. verticillioides.  T. urticae was 
subsequently dismissed as a vector, and the researchers determined that severity of Fusarium 
ear rot in California was highly correlated with intra-ear incidence of western flower thrips 
(Frankliniella occidentalis Perg.).   
Both the western flower thrips (Frankliniella occidentalis (Pergande)), and the corn 
thrips (Frankliniella williamsi Hood) have been reported on maize (Godfrey et al., 2006).  F. 
occidentalis is polyphagous, with 244 host species from 62 different plan families, including 
tree and vine crops, field crops, and ornamentals (OEPP/EPPO,1989).  It is also a significant 
pest of greenhouse vegetable and ornamental production, and transmits Tomato Spotted Wilt 
Virus to susceptible host species.  F. occidentalis is native to North America, and was 
detected internationally beginning in 1980 (OEPP/EPPO, 1989).  It has since been reported 
globally, from countries on all agricultural continents, and is distributed throughout the US, 
including Hawaii and Alaska, while F. williamsi has been reported throughout most US corn 
production regions and Hawaii (Reed et al., 2006).  F. williamsi is very similar to F. 
occidentalis in morphology, with the primary differentiating morphological feature of the 
two species the phenotype of a comb structure on the 8th tergite segment (Reed et al, 2006).  
The morphological similarities, along with the very small size (1-2 mm) and thigmotactic 
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nature of these insects, has probably led to misidentification of both species in the field, 
especially in the case of common hosts like maize or cotton.   
Both species feed by a ‘pierce and suck’ (Hunter and Ullman, 1992) or ‘punch and 
suck’ (Moritz, 1982; Heming, 1993) mechanism, typically damaging epidermal cells and 
consuming sap.  Host plant tissues may also be damaged by the females’ saw-like ovipositor, 
as they deposit eggs into tender vegetative or floral tissues (Lublinkhof and Foster, 1977; 
Moritz, 1997).  First instars emerge from eggs, and within hours molt to second instars, the 
primary immature feeding stage.  Immature instars are flightless. Following the second instar 
are the quiescent, non-feeding propupa and pupa stages, completed either within protective 
host tissues or soil.  Adults can live from 30 to 60 days, depending on temperature and 
availability of host tissue.  The life cycle for F. occidentalis, from egg to egg, ranges from 15 
days at 30 C, to  40 days or more at 15 C (Lublinkhof and Foster, 1977)  Adults may 
overwinter in a hibernatory state within host debris or soil. 
 For maize, the most widely reported thrips damage occurs at the early vegetative crop 
stage.  Populations grow on early developing weed or crop hosts like alfalfa in the spring, 
and then move to maize when these alternate hosts are cut or senesce (Hudson, 1999).  Thrips 
feeding can stunt the development of young maize plants, and severe feeding damage is 
recognizable by browning and cupping of young leaves.  Most seedlings outgrow this 
damage and develop normally.  Yield impacts from damage at this stage are unknown, but 
generally presumed minimal in grain production fields (Hudson, 1999). 
Thrips infestation of maize ears has been reported only in the central valley of 
California (Farrar and Davis, 1991).  It has been unclear whether adult thrips use maize ears 
solely as a food source, or also as a host on which to complete, or partially complete, their 
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developmental cycle.  Previous reports from California studies indicated neither which thrips 
stages were infesting maize ears, nor whether oviposition or subsequent development was 
occurring on the maize plants (Farrar and Davis, 1991).  Elements of thrips population 
biology may offer insights as to why thrips are attracted to developing maize ears in 
California.  Reproduction rates of Frankliniella spp. are heavily influenced  by temperature, 
with steady increases in reproductive rates with concurrent temperature increases, up to 30 C 
(Gaum et al., 1994; Robb and Parella, 1991).  Thrips are quite susceptible to low humidity, 
and retreat to protected sites, including host plant floral tissues, under hot and dry conditions 
(Kirk, 1997).  Under the hot, dry conditions that persist in the long California growing 
season, irrigated cornfields may be ideal refuge for thrips, as alternative weed and early 
season or unirrigated crop hosts senesce.   
Thrips infest developing maize ears after pollination and presumably wound 
immature kernels by feeding, or possibly oviposition by females (Farrar and Davis, 1991).  
Though unconfirmed, it is assumed that the relatively minor injuries to young kernels do not 
directly impact yield or grain quality, but disruption of the pericarp may provide numerous 
infection sites for fungal pathogens, including Fusarium verticillioides (Sacc.) Nirenberg.  
Subsequent fungal growth may involve a large percentage of the affected ear, reducing grain 
density (i.e., ‘test weight’) and visual grain quality.  In severe cases, husk leaves may become 
cemented to rotted kernel tissue (Farrar and Davis, 1991).  Mycotoxins are often associated 
with ear rot fungi, including F. verticillioides, though the relationship between thrips and 
mycotoxins, including fumonisin B1, has not been reported.   It is unclear what stage of thrips 
development is most important in damaging developing kernels and promoting Fusarium ear 
rot development and fumonisin B1 accumulation. 
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Fusarium ear rot is caused primarily by Fusarium verticillioides (Sacc.) Nirenberg 
(syn. Fusarium moniliforme J. Sheldon, Fusarium section Liseola).  F. verticillioides is the 
anamorph of Gibberella moniliformis Wineland (Wineland, 1924), but also has been 
considered an anamorph of G. fujikuroi (Sawada) Ito in Ito & K Kimura (mating population 
A) (Desjardins, 2003). F. verticillioides is the most ubiquitous and well-studied producer of 
fumonisins in the genus Gibberella.  F. verticillioides produces fumonisins B1, B2, B3 and B4 
(Proctor et al., 2006).  Fumonisin B1 is the most prevalent and toxic, and thus the best studied 
(Musser and Plattner, 1997).  Fumonisin B1 is a secondary metabolite produced by F. 
verticillioides, and its production by the fungus is regulated by environmental conditions that 
favor the growth of the pathogen (Miller, 2001).   The accumulation of fumonisins in maize 
kernels is highly correlated with fungal biomass in the kernels (Waalwijk et al., 2008).  In 
culture, fumonisin B1 is optimally produced between 15 and 25 degrees C, and maximum 
fungal growth rate increases with increasing water activity and temperature, up to 0.975 and 
30 degrees C, respectively (Samapundo et al., 2005). 
Colonized maize residues, as well as residues from a broad range of other host crops 
(including rice, sorghum, sugarcane, cotton, and pineapple), provide overwintering refuge for 
the fungus (Booth, 1971).  Microconidia are generally the most frequent form of seed 
infection inoculum on the developing maize ears (Payne, 1999; Ooka & Kommedahl, 1977).  
Exposed silks are the primary local infection sites upon which airborne F. verticillioides 
microconidia may land, germinate, colonize, and subsequently infect developing kernels 
through the silk scar (Munkvold et al, 1997).  Insects also provide entry for the fungus, acting 
as vectors and providing feeding wound infection opportunities for microconidia or mycelia 
already on the ear tissues (Smeltzer, 1958; Avantaggiato et al., 2002; Payne, 1999).  Host 
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genotypes with a predisposition for the silk-cut or kernel-pop phenotypes are also at greater 
risk for infection by F. verticillioides (Odvody et al, 1997).   
The silk-cut symptom described by Odvody et al (1997) is associated with fungal ear rots of 
maize, including Fusarium ear rot.  It is most prevalent on maize hybrids with loose husks 
and open ear tips.  Silk-cut is characterized by lateral splits in the pericarp that expose the 
underlying immature endosperm to fungal colonization.  These splits may be large enough to 
be readily visible without magnification, or small enough to require a hand lens or 
microscope.  Splits of the silk-cut type are, by definition, perpendicular to the embryo axis. 
Other types of kernel-splitting have been assigned different terminology, such as ‘kernel 
pop,’ which involves splits parallel to the embryo axis and generally extending over the 
kernel crown, resembling a partially popped popcorn kernel (Stromberg et al, 1999).  Silk-cut 
may occur on grain with moisture measured from 50% to 15%.  The silk-cut phenotype has 
been reported in the literature only from southern Texas (Odvody et al., 1997), though it has 
been observed sporadically in grain from Hawaii, California, and Georgia, and is familiar to 
maize producers in other parts of the U.S.   
 The objectives of this research were to: 
1.   Identify the developmental stage(s) of thrips associated with maize ear infestations and 
subsequent Fusarium ear rot and fumonisin B1 contamination. 
2.   Determine the relationship, if any, between intra-ear thrips infestations of maize ears 
and silk-cut of maize kernels. 
Materials and Methods 
A field study was conducted during the 2002 and 2003 growing seasons at the 
Pioneer Hi-Bred research center at Woodland, California (Yolo County), and the 2002/2003 
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winter season at the Pioneer Hi-Bred nursery and research seed facility at Waimea, Hawaii 
(Kauai County).  A Pioneer brand hybrid that was known to be susceptible to Fusarium ear 
rot was sown for all plots in both locations.  From previous studies, this hybrid was known to 
display the silk-cut symptom in some environments, including Woodland and Waimea.  
Planting at Woodland in 2002 and 2003 was on May 25th and May 23rd, respectively.  These 
planting dates are later than normal for the region, and May planting dates historically are 
associated with significant Fusarium ear rot disease on susceptible hybrids.  Plots in Kauai 
were planted December 2nd, 2002.  This is also considered a late planting date for winter 
nurseries on the given region of the island, historically associated with higher levels of ear 
rot, including Fusarium ear rot, in seed production fields and nurseries on the island.  Soil 
fertility, herbicide program, and seedbed preparation were standard maize production 
practices for each region.  Plots at both locations were drip-irrigated, with irrigation applied 
to limit visible symptoms of crop soil moisture stress, such as afternoon leaf-rolling and 
lower leaf-firing.   
The experiment was planted as a randomized complete block, with four blocks in 
both locations, and each open-pollinated plot measured two rows (1.5 m) by 3.0 m.  Planting 
density was 74,000 plants per hectare.  Four rows (3.0 m) of the test hybrid were planted as 
buffer on the outside and between the treatments to minimize edge effects and interplot 
interference, respectively.  Within each block (replication) were two insecticide treatments; 
treated and untreated.  The first insecticide application was made when approximately 50% 
of plants in plots had silks that extended approximately 2.5 cm beyond the end of the husk 
leaves.  The second application was made 7 days after the first, and the third application at 14 
days after the first.  The insecticide treatment was a mixture of a contact insecticide, lambda 
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cyhalothrin (Warrior T®, Syngenta Crop Protection, Greensboro, NC) and a systemic 
insecticide, dimethoate (Dimethoate 2.67 EC ® Drexel Chemical, Memphis, TN), applied at 
0.014 kg and 0.227 kg active ingredient per acre, respectively, and sprayed in solution at a 
rate of 93.5 liters/ha at Woodland, and to the point of spray ‘run-off’ from maize ears in 
Waimea. 
Insecticide applications in Waimea were made with a standard horticultural backpack 
hand-pump sprayer, with spray directed to the silks and husk leaves of the treated ears.  All 
ears in prescribed plots were treated.  In Woodland, insecticide was applied to all the plants 
in each plot by a high-clearance overhead sprayer (Hagie Manufacturing Company, Clarion, 
IA).  The wheeled legs of the sprayer were extended an additional 0.60 m beyond the factory 
specification to allow sufficient clearance to make applications to full-height hybrid maize in 
California (> 3.66 meters) without damaging the crop canopy.  Drop nozzle assemblies were 
fitted on the spray boom to direct the insecticide application on the foliage, stalk and ear 
tissue in each plot, covering the zone extending from approximately 0.60 m above to 0.60 m 
below the primary ear.  The spray boom was manually controlled by the operator to maintain 
the spray focus on this zone of the canopy.  
Ears were evaluated for thrips populations six times:  50% silking (0DAP), seven 
days after pollination (7DAP), fourteen days after pollination (14DAP), twenty-one days 
after pollination (21DAP, or ‘brown silk’), 28 days after pollination (28DAP), and 35 days 
after pollination (35DAP). At each sampling interval, two representative ears were manually 
removed from every plot, labeled, placed in sealed plastic bags, and immediately chilled on 
ice.  Upon completion of field sampling, ears were refrigerated overnight at 2 degrees C.  
The following day, while still chilled, husk leaves and silks were carefully removed, and 
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each ear was inspected under a 15X dissection stereoscope.  Thrips were counted and 
recorded for each ear.  Representative specimens were identified to species (Frankliniella 
occidentalis or Frankliniella williamsi), but thrips species were not differentiated during 
enumeration. Mature thrips were counted separately from immatures, though there was no 
attempt to differentiate among the larvae, propupae or pupae.  Counts from ears within plots 
were averaged to provide an estimate of the number of insects per ear for each plot. 
At the typical harvest time (<20% grain moisture), five representative ears per plot 
were manually harvested and shelled with a single-ear mechanical research sheller 
(Agriculex Corporation, Guelph, Ontario), and a representative 454 gram sample was 
retained.  The sample was then dried below 15% (if necessary), packaged, labeled, and stored 
at 10° C and 50% humidity for subsequent kernel symptom assessments, mycotoxin analysis, 
and fungal isolations.   
Each kernel of a 30 gram subsample from each 454 gram plot grain sample was 
assessed in the laboratory for Fusarium ear rot symptoms.  Each kernel of the subsample was 
inspected at 15X magnification to determine if it showed the silk-cut symptom. Virtually all 
kernels of this hybrid exhibiting the silk-cut symptom were visually moldy, with symptoms 
consistent with Fusarium verticillioides or sometimes other fungi. The silk-cut fraction was 
then weighed and the percentage of the subsample that was symptomatic (by weight) was 
calculated as the incidence of silk-cut. 
Representative kernels from plot grain samples were cultured to confirm association 
of visible ear rot symptoms with Fusarium verticillioides infection.  Kernels were surface 
sterilized for 2 minutes in a dilute bleach solution, dried, and cultured on Nash-Snyder semi-
selective medium (Nash & Snyder, 1962).  After incubation for 5 days under ambient 
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conditions in the laboratory, any growth was transferred aseptically via hyphal tip to 
Carnation Leaf Agar and incubated until sporulation.  Each culture was then observed under 
magnification for purity, growth habit, spore, and conidiophore morphology characteristics 
of Fusarium verticillioides (Leslie and Summerell, 2006). 
From each grain sample, approximately 400 grams were analyzed for fumonisin B1 
by the Pioneer Hi-Bred Grain Analysis Laboratory (Pioneer Hi-Bred International, Johnston, 
IA).  Samples were finely ground and a 3 gram subsample was extracted for analysis by 
Enzyme-Linked-Immunosorbent-Assay (ELISA). The ELISA is a competition format 
constructed with proprietary antibodies to fumonisin B1.  Pre-coated, stabilized plates were 
prepared by Beacon Analytical Systems, Inc.  Maize extract samples and horseradish 
peroxidase conjugated fumonisin B1 were co-incubated at 20-25C for 60-62 min with 
shaking in the dark.  Substrate was added following washing of the plates.  The substrate 
reaction was allowed to proceed for 30-32 min. at 20-25C with shaking in the dark.  The 
reaction was stopped and the resulting color intensity of the wells was read at 450nm.  The 
amount of fumonisin B1 present in a sample was inversely proportional to the color intensity 
in the assay well.  Detection limits of the fumonisin ELISA ranged from 0.8 mg/kg to 2000.0 
mg/kg.   
Data were analyzed using the mixed linear model function ‘Fit Model-Standard Least 
Squares’ and ‘Multivariate’ procedures in the JMP 7 software application (SAS Institute, 
Cary NC).   Analysis of residuals indicated the need for data transformation for some 
variables.  The ‘square root of the square root’ transformation gave the best improvement for 
incidence of silk-cut, fumonisin B1 (mg/kg), intra-ear adult and immature thrips populations.  
For each combination of year (2002, 2003) and location (Woodland, Waimea) analysis of 
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variance (ANOVA) was completed for the transformed intra-ear adult and immature thrips 
populations.  Model effects were insecticide treatment, sampling time, the interaction of 
insecticide and sampling time, and the random block effect (replication). 
One-way ANOVA was used to analyze silk-cut incidence and fumonisin B1.  For 
each year (2002, 2003) and location (Woodland, Waimea), separate analyses were conducted 
to determine the effect of the insecticide treatment (applied, not applied) upon the response 
variables.  Means comparisons were made using the student’s T-test ( p ≤ 0.05), with 
transformed data.  Untransformed mean and standard error values are reported in all tables. 
The JMP 7 ‘Multivariate’ correlation method was used to quantify the associations of 
intra-ear adult and immature thrips population with silk-cut incidence, and to quantify the 
association of ear rot severity with fumonisin B1.  For all correlation analyses, data were 
transformed by the square root of the square root transformation and were pooled across 
locations, years, and insecticide treatments.  
Results 
Across years and locations, both insecticide treatment and days after pollination were 
significant effects on immature and adult intra-ear thrips populations (Table 3.1).  Two-way 
interactions between these effects were also significant, except for adult intra-ear thrips 
populations in Waimea during 2002.  The insecticide treatment was a strongly significant 
effect of percent silk-cut kernels and fumonisin B1 in all locations and years (Table 3.2). 
In 2002 at Waimea, the highest adult thrips populations occurred between 14 and 28 
days after pollination (Fig. 3.1).  Immature thrips populations were highest at 21 DAP (Fig. 
3.2), and plots treated with insecticide had significantly fewer immature thrips than untreated 
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plots (Table 3.1; Fig. 3.2).  Immature thrips were generally much more numerous than adults 
(Figs. 3.1 and 3.2). 
In 2002 at Woodland, the highest populations of adult thrips occurred at 21 DAP, and 
insecticide-treated plots had significantly lower populations than untreated plots (Fig. 3.1).  
The same pattern was also true for immature thrips in 2002, where the highest numbers were 
seen at 21 DAP, and populations in untreated plots were higher than from treated plots (Fig. 
3.2).  Populations of immature thrips were much higher than those of adult thrips (Figs. 3.1 
and 3.2).  In 2003, adult thrips first appeared at 21 days after pollination, though there was 
little difference among sampling points and between insecticide regimes (Fig. 3.1).  
Immature thrips in 2003 peaked at 21 days after pollination, and were significantly higher in 
untreated plots than in treated plots (Fig. 3.2).  As in 2002, immature thrips were far more 
numerous than adults (Figs. 3.1 and 3.2). 
The silk-cut incidence in untreated plots from Waimea in 2002 was 75.0%, which 
was significantly higher than the severity of 8.2% in the treated plots (Table 3.3).  Fumonisin 
contamination was also significantly higher in untreated plots, compared to treated plots, 
with concentrations of 220.3 mg/kg and 22.5 mg/kg, respectively (Table 3.3).  The same 
trend occurred in Woodland in both 2002 and 2003.  Ear rot severity in untreated plots was 
48.6% and 75.7 %, respectively, whereas severity in treated plots was 10.2% and 14.5%, 
respectively (Table 3.3).  Fumonisin contamination followed the same pattern; concentrations 
from untreated plots in 2002 and 2003 were 125.1 mg/kg and 495.2 mg/kg, respectively, 
compared to 14.8 mg/kg and 39.6 mg/kg from treated plots in 2002 and 2003, respectively 
(Table 3.3). 
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Across locations and years, peak immature intra-ear thrips populations (21 DAP) 
were much more strongly correlated with percentage of silk-cut kernels (R = 0.75), compared 
the correlation between peak adult intra-ear thrips populations (21 DAP) and percentage of 
silk-cut kernels (R = 0.48) (Table 3.4).  The percentage of silk-cut kernels in a harvested 
grain sample was highly correlated with the concentration (mg/kg) of fumonisin B1 in the 
sample (R = 0.84). 
Discussion 
These results confirm the important role of thrips in Fusarium ear rot development in 
central California (Farrar and Davis, 1991; Warfield and Davis, 1996), and also suggest a 
mechanism for their involvement. Control of thrips with insecticide dramatically reduced 
silk-cut incidence, which was closely associated with Fusarium ear rot severity (Figs. 3.6 and 
3.7).  Like silk-cut incidence, fumonisin B1 was dramatically reduced (by ~90%) from very 
high levels in untreated plots, compared to plots treated with insecticide. The hybrid used in 
this study had short and loose husks, and exhibited high levels of silk-cut, Fusarium ear rot 
severity, high intra-ear thrips populations, and high fumonisin B1 contamination in unsprayed 
plots at both locations, in both years.  Susceptibility of a hybrid with short and loose husk 
morphology to Fusarium kernel rot, intra-ear thrips infestation, and silk-cut symptom is 
consistent with past reports (Warfield and Davis, 1996; Odvody et al., 1997), though silk-cut 
has not been previously associated with intra-ear thrips populations. Fusarium and 
Aspergillus ear rots were associated with the silk-cut symptom in the coastal bend region of 
Texas, though thrips were not implicated as an associated or causal factor of silk-cut 
(Odvody et al., 1997).    
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In this study, nearly all kernels with silk-cut were visibly moldy, and moldy kernels 
nearly always had silk-cut symptoms. Conversely, kernels with intact pericarps very rarely 
displayed Fusarium ear rot symptoms, including starburst.  Similar to questions raised by 
previous studies (Farrar and Davis, 1991), it is unclear whether intra-ear thrips 1) transport 
the pathogen into and throughout the ear while seeking refuge and/or feeding, or 2) enter the 
ear essentially pathogen free, but distribute the already-present fungus (Munkvold et al, 
1997) throughout the developing ear during movement and feeding. 
In this study, ears from Woodland and Waimea that were not protected with 
insecticide exhibited the silk-cut symptom, while silk-cut and associated ear rot was 
dramatically reduced at both locations when ears were sprayed with insecticide to control 
thrips.  These results suggest that thrips may be a causal factor of the silk-cut symptom, 
which provides opportunity for infection by Fusarium verticillioides, and subsequent 
fumonisin B1 contamination. This effect was evident in Woodland, CA and Waimea, HI, and 
warrants investigation to determine whether this insect also causes the silk-cut symptom in 
other corn production region, including Texas, where F. occidentalis is a published pest of 
cotton in the Corpus Christi area (Moore et al., 2003).  Given the very high levels of 
fumonisin B1 associated with thrips-infested plots in this study, researchers and producers 
should evaluate risks and potential associations where similar abiotic (i.e. hot and dry 
conditions) and biotic (i.e. presence of F. occidentalis and/or F. williamsi) risk factors for 
Fusarium ear rot and fumonisin contamination exist in other worldwide maize production 
regions.  Some of these regions include, but are not limited to Italy, Spain, South Africa, and 
Australia (OEPP/EPPO, 1989). 
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This is the first report of fumonisin contamination of hybrid maize in Hawaii.  Maize 
grain production is essentially non-existent in the state, but the Hawaiian islands of Kauai, 
Oahu, Maui, and Molokai are strategically important to seed and biotechnology companies, 
who utilize the year round growing season to accelerate product research and development 
operations.  The importance of Hawaii to the seed industry has grown exponentially with the 
development and commercialization of transgenic crops, primarily corn and soybeans.  The 
value of the industry on Hawaii has grown by 13,000% in the last 40 years, and was 
estimated in 2006 to generate $144 million annually for the state’s economy (Loudat and 
Kastouri, 2006).  Transgenic and conventional corn production represent a majority of this 
investment, and loss of valuable seed to Fusarium kernel rot is a year-round concern for seed 
companies operating in Hawaii, and any long-term pattern of seed production failure due to 
severe Fusarium kernel rot could at least partially jeopardize the future of the industry in the 
state.  The results of this study confirm that Fusarium kernel rot is a significant disease of 
maize in Hawaii.  Given the strong association of intra-ear thrips infestations with visible 
symptoms and fumonisin B1, effective scouting and control of intra-ear thrips should reduce 
the risk of losses of high-value research and commercial seed production in Hawaii. 
This study suggests that thrips utilize developing maize ears not only as a food 
source, but also as oviposition sites for eggs and development of immatures.  The appearance 
of adult thrips in the ear tissues beginning 7 to 14 days after pollination (DAP), followed by 
increasing numbers of immatures at successive stages of ear development, suggest that maize 
ears may be attractive oviposition sites for female thrips under some conditions.  It is unclear 
from this study whether females deposit eggs directly into developing kernels, on ear tissues 
adjacent to developing kernels, or on external leaf tissues, followed by migration of 
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immature thrips into the developing ear via the silk channel.  The absence of detectable adult 
intra-ear thrips earlier than 7 to 14 DAP, coupled with the appearance of immature thrips at 7 
to 14 DAP, possibly suggests oviposition by adults outside developing maize ears, with 
subsequent migration of immatures into the developing ears.  In both years and both 
locations, eggs were observed (but not quantified), within the external surfaces of the fleshy 
basal portions of husk leaves from maize ears sampled soon after pollination.  Though not 
confirmed, these findings suggest that thrips hatch and develop on maize ears.  This is the 
first reported evidence of thrips life cycle progression within developing maize ears. 
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Table 3.1 Analysis of Variance (ANOVA) for 2002 and 2003 Waimea, HI and Woodland, CA immature and adult intra-ear thrips 
data, grouped by year and location.  Immature and adult intra-ear thrips were transformed by the ‘square-root of the square-root’ 
method to meet the assumptions of the ANOVA. 
 
   Immature Thrips (#) c Adult Thrips (#) d 
Year Location Source d.f. F Ratio Prob>F d.f. F Ratio Prob>F 
Insecticide Treatment a 1 28.1 < 0.001 1 5.5 0.024 
Days After Pollination b 5 30.2 < 0.001 5 12.1 < 0.001 Waimea 
Insecticide Treatment x Days After Pollination 5 3.5 0.011 5 0.8 0.528 
Insecticide Treatment 1 31.6 < 0.001 1 9.3 0.005 
Days After Pollination 5 30.9 < 0.001 5 12.3 < 0.001 
2002 
Woodland 
Insecticide Treatment x Days After Pollination 5 4.7 0.002 5 3.6 0.011 
Insecticide Treatment 1 25.8 < 0.001 1 14.9 0.001 
Days After Pollination 5 21.2 < 0.001 5 8.4 < 0.001 2003 Woodland 
Insecticide Treatment x Days After Pollination 5 6.3 < 0.001 5 3.1 0.021 
a Plots were either sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination), or were not sprayed. 
b Two representative ears were harvested from each plot at 0, 7, 14, 21, 28, and 35 days after pollination; immature and adult intra-ear thrips were counted 
for each ear, and counts averaged to estimate of the number of immature and adult intra-ear thrips per plot. 
c ‘Immature Thrips’ included first and second instars, propupae, and pupae. 
d ‘Adult Thrips’ included only winged, mature adult thrips.
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Table 3.2 Analysis of Variance (ANOVA) for 2002 and 2003 Waimea, HI and Woodland, CA silk-cut and fumonisin B1 data, 
grouped by year and location.  Percentages of silk-cut kernels and fumonisin B1 concentrations were transformed by the ‘square-
root of the square-root’ method to meet assumptions of the ANOVA. 
   Silk-Cut Kernels (%) b Fumonisin B1 (mg/kg) c 
Year Location Source d.f. F Ratio Prob>F d.f. F Ratio Prob>F 
Waimea Insecticide Treatment a 1 153.4 < 0.001 1 49.0 0.001 
2002 
Woodland Insecticide Treatment 1 36.3 0.001 1 9.2 0.023 
2003 Woodland Insecticide Treatment 1 36.3 < 0.001 1 99.7 0.001 
a Plots were either sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination), or were not sprayed. 
b Each kernel of a representative 30 gram subsample of grain from each plot was categorized as silk-cut or not silk-cut, and the weight of silk-cut kernels 
was expressed as a percentage of the total subsample weight for each plot. 
c A 454 gram mature grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration.
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Table 3.3 Incidence of silk-cut kernels (%) and concentration of fumonisin B1 (mg/kg)  in mature grain samples from field 
experiments in Woodland, CA, and Waimea, HI, in 2002 and 2003.  Values are least square means (n = 4), followed by standard 
error estimates, though  percentages of silk-cut kernels and fumonisin B1 concentrations were transformed by the ‘square-root of 
the square-root’ method to meet assumptions of the ANOVA.  Means within columns and locations not followed by the same letter 
significantly differ (Tukey’s HSD, p ≤ 0.05). 
Year Location 
Insecticide 
Treatment a 
Silk-Cut  
Kernels (%) b  SE 
Fumonisin 
B1 (mg/kg) c SE 
Yes 8.2 A 22.5 A 
Waimea 
No 75.0 B 
2.7 
220.3 B 
29.3 
Yes 10.2 A 14.8 A 
2002 
Woodland 
No 48.6 B 
5.0 
125.1 B 
32.8 
Yes 14.5 A 39.6 A 
2003 Woodland 
No 75.7 B 
3.1 
495.2 B 
42.5 
a Plots were either sprayed with insecticide 3 times (at pollination, seven and fourteen days after pollination), or were not sprayed. 
b Each kernel of a representative 30 gram subsample of grain from each plot was categorized as silk-cut or not silk-cut, and the weight of silk-cut kernels 
was expressed as a percentage of the total subsample weight for each plot. 
c A 454 gram mature grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration.
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Table 3.4 Linear correlation coefficients for immature intra-ear thrips populations at 21 days after pollination, adult intra-ear 
thrips populations at 21 days after pollination, percent silk-cut kernels at harvest, and fumonisin B1 concentration at harvest.   Data 
were transformed with the square root of the square root transformation and were pooled across years, locations, and insecticide 
treatments (n = 24). 
 
Variable1 Variable2 R 
Immature Thrips (#) a Silk-Cut Kernels (%) 0.75 
Immature Thrips (#) Fumonisin B1 (mg/kg) d 0.53 
Adult Thrips (#) b Silk-Cut Kernels (%) 0.48 
Adult Thrips (#) Fumonisin B1 (mg/kg) 0.36 
Silk-Cut Kernels (%) c Fumonisin B1 (mg/kg) 0.84 
a Two representative ears were harvested from each plot at 21 days after pollination, immature intra-ear thrips (first and second instars, propupae, and 
pupae) were counted for each ear, and counts averaged to estimate the number of immature thrips per plot. 
b Two representative ears were harvested from each plot at 21 days after pollination, adult intra-ear thrips (only winged adults) were counted for each ear, 
and counts averaged to estimate the number of adult thrips per plot. 
c Each kernel of a representative 30 gram subsample of grain from each plot was categorized as silk-cut or not silk-cut, and the weight of silk-cut kernels 
was expressed as a percentage of the total subsample weight for each plot. 
d A 454 gram mature grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration.
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Figure 3.1.  Number of adult intra-ear thrips by sampling point and insecticide regime, from Woodland, CA (2002 and 2003) and 
Waimea (Kauai), HI (2002). Two representative ears were harvested from each plot at 0, 7, 14, 21, 28, and 35 days after pollination; 
immature and adult intra-ear thrips were counted for each ear, and counts averaged to estimate of the number of immature and 
adult intra-ear thrips per plot.  ‘Adult Thrips’ included only winged, mature adult thrips.  Bars represent standard error. 
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Figure 3.2 Number of immature intra-ear thrips by sampling point and insecticide regime, from Woodland, CA (2002 and 2003) 
and Waimea (Kauai), HI (2002).  Two representative ears were harvested from each plot at 0, 7, 14, 21, 28, and 35 days after 
pollination; immature and adult intra-ear thrips were counted for each ear, and counts averaged to estimate of the number of 
immature and adult intra-ear thrips per plot.  ‘Immature Thrips’ included first and second instars, propupae, and pupae.  Bars 
represent standard error.
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Figure 3.3 Immature thrips infesting the tip of a susceptible hybrid maize ear, 21 days after pollination (7X magnification). 
Waimea HI, 2003. 
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Figure 3.4 Immature thrips feeding on a developing kernel of a susceptible hybrid maize ear, 21 days after pollination (16X 
magnification). Waimea, HI 2003. 
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Figure 3.5 Immature thrips feeding on a developing kernel of a susceptible hybrid maize ear, 21 days after pollination (32X 
magnification). Woodland, CA 2003. 
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Figure 3.6 Ears of a susceptible maize hybrid planted late in May of 2003, treated with insecticide (top) and untreated 
(bottom).  Woodland, CA 2003. 
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Figure 3.7 Representative examples of susceptible hybrid maize kernels exhibiting the lateral pericarp splits, perpendicular to 
the embryo axis, which are characteristic of the silk-cut symptom. Woodland, CA and Waimea, HI, 2002. 
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Abstract 
 Fusarium ear rot, caused by Fusarium verticillioides, is one the most common 
worldwide diseases of maize. Fusarium verticillioides causes losses in grain yield and 
quality, and produces mycotoxins, including the fumonisins, that contaminate grain.  Disease 
severity and fumonisin B1 contamination vary considerably among maize-growing regions 
and from year to year. A field study was in conducted in Hawaii, California, Kansas, Iowa, 
Tennessee, and Georgia during the 2002 and 2003 growing seasons, to evaluate the 
associations of maize production regions, planting date, hybrid varieties, and ear infesting 
insect pests with Fusarium kernel rot symptoms and fumonisin B1 contamination.  In each 
season, plots of susceptible and partially resistant commercial maize hybrids were sown on 
three planting dates.  Insects within open-pollinated hybrid ears were quantified during 
pollination and grain development for all genotype x planting date combinations at each 
location during each growing season.  Grain subsamples were inspected to determine 
percentage of kernels with symptoms of Fusarium ear rot (visibly molded or starburst 
symptoms), and also were analyzed by Enzyme-Linked-Immunosorbent-Assay (ELISA) to 
quantify fumonisin B1 levels.  Across locations, hybrid and planting date frequently had 
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significant effects on Fusarium ear rot symptom and fumonisin B1 contamination severity ( p 
≤ 0.05 ). Insect populations varied across locations, and observed kernel damage was most 
attributable to feeding by intra-ear thrips infestations.  Maximum average intra-ear thrips 
populations were 161.8, and 99.8, per ear in California and Hawaii, respectively.  Thrips 
populations did not exceed 32.2 per ear for any other location. Across the pooled data, intra-
ear thrips population was more strongly correlated (R = 0.78) with percent visibly molded 
kernels than was the percentage of kernels with lepidopteran kernel damage (R = 0.37).  A 
similar trend was observed for the relationship between these two types of insects and the 
starburst symptom of Fusarium ear rot.  The percentage of visibly molded kernels was highly 
correlated (R = 0.89,) with fumonisin B1 concentration. Though significant, the correlation 
between starburst kernels and fumonisin B1 (R = 0.18) was substantially weaker. Intra-ear 
thrips populations were more strongly correlated with fumonisin B1 concentration (R = 0.89), 
compared to the correlation between percentage of lepidopteran kernel damage and 
fumonisin B1 (R = 0.34).  A multiple linear regression model accounted for 84% (p ≤ 0.001) 
of the variation in fumonisin B1. The model indicated significant effects of location, intra-ear 
thrips infestations, and lower average daily precipitation after flowering, upon fumonisin B1 
concentrations.   Given the strong association between thrips, Fusarium ear rot, and 
fumonisin B1, producers in the global F. occidentalis host range should consider thrips as a 
factor in Fusarium ear rot and fumonisin B1 management. 
Introduction 
The causal organism of Fusarium ear rot, Fusarium verticillioides, is worldwide in 
distribution, and also causes seedling, root, and stalk rots of maize (Kommedahl & Windels, 
1981).  It is the most prevalent pathogen associated with maize.  Seed infection by F. 
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verticillioides can reduce emergence and stand quality in the subsequent crop generation, 
whereas grain is often contaminated with mycotoxins.  Symptoms usually develop initially 
on ear tips, but may also manifest as scattered areas of infection over the ear surface (Payne, 
1999).  Severely infected ears are covered with white to pink fungal mycelium, which 
colonizes kernels and husk leaves.  When infection is extremely severe, husk leaves are 
sometimes fused to the ear by the fungal mycelium (Farrar & Davis, 1991).  In some host 
genotypes and environments, the starburst symptom is more prevalent; this symptom is 
characterized by white streaks beneath the pericarp, radiating basipetally from the kernel 
silkscar (Koehler, 1942; Payne, 1999).  Fungal metabolism within the kernels results in a net 
decrease in grain dry matter content, kernel density, and total grain yield (Presello et al., 
2007a; Seitz et al., 1982).   
In addition to symptomatic kernels, F. verticillioides can be isolated from a large 
proportion of symptomless kernels, as well as host root, stalk, and leaf tissues (Desjardins 
and Plattner, 1998, Foley, 1962, Munkvold et al., 1997b). The importance of this 
symptomless systemic infection is still unclear. However, it appears that systemic infection 
alone contributes little to ear mold symptoms and fumonisins (Desjardins et al., 2002; 
Munkvold 2003; Munkvold et al., 1997b); it is only after a wound occurs (insect feeding, 
silk-cut, kernel-pop, etc.) that visible disease symptoms are evident on the host ear tissues 
(Bacon et al., 1992; Headrick et al. 1990; Koehler, 1959). 
Colonized maize residues, as well as residues from a broad range of other host crops, 
provide overwintering refuge for the fungus (Booth, 1971; Munkvold, 2003).  Microconidia 
are generally the most frequent form of inoculum on the developing maize ears (Ooka & 
Kommedahl, 1977; Payne, 1999;).  Insect wounds and exposed silks are the primary local 
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infection sites upon which airborne F. verticillioides microconidia may land, germinate, 
colonize, and subsequently infect developing kernels through the silk scar (Munkvold, 2003; 
Munkvold et al., 1997b).  Insects also provide entry for the fungus, acting as vectors and 
providing feeding wound infection opportunities for microconidia or mycelium already on 
the ear tissues (Avantaggiato et al., 2002; Dowd, 1998; Payne, 1999; Smeltzer, 1958).  Host 
genotypes with a predisposition for the silk-cut or kernel-pop phenotypes are also at greater 
risk for infection by F. verticillioides (Odvody et al, 1997). 
F. verticillioides produces a group of toxic metabolites known as the fumonisins, the 
most common of which are fumonisins B1, B2, B3 and B4 (Proctor et al., 2006).  Fumonisin 
B1 is the most prevalent and toxic, and thus the best studied (Musser and Plattner, 1997).  
Fumonisin B1 is a secondary metabolite and its production by the fungus is regulated by 
environmental conditions that favor the growth of the pathogen (Miller, 2001).   The 
accumulation of fumonisins in maize kernels is highly correlated with fungal biomass in the 
kernels (Waalwijk et al., 2008). Fumonisin B1 causes leukoenceophalomalacia (LEM) in 
horses, pulmonary edema (PEM) in swine, and has been implicated in liver cancer of rats 
(Colvin and Harrison, 1992; Harrison et al., 1990; Haschek et al., 1992; Kellerman et al., 
1990; Marasas, 1996).  Fumonisins are also associated with esophageal cancer (Cheng et al., 
1985; Rheeder et al., 1992; Sydenham et al., 1990), and neural tube birth defects in humans 
(Stack, 1998). In recognition of the health risks associated with fumonisins, the United States 
Food and Drug Administration (FDA) issued industry guidance standards for fumonisin 
contamination of human and animal foods (CFSAN, 2001), which were finalized in 2001.  
For human food, total fumonisin guidelines range from 2-4 mg/kg, depending on the type and 
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application of corn product.  For animal feed, the guidelines range from 5 to 100 mg/kg 
depending on the animal species and growth stage. 
Miller (2001) suggests five factors of prime importance in determining risk of 
Fusarium ear rot and fumonisin contamination:  temperature, drought stress, insect damage, 
other fungal diseases, and corn genotype.  Fusarium ear rot development is favored by warm 
(>28 C), dry or droughty conditions (Miller et al. 1995; Pascale et al. 1997; Shelby et al. 
1994).  Multiple studies report an inverse correlation between precipitation near or following 
pollination, and fumonisin contamination and/or infection of maize grain by F. verticillioides 
(Shelby et al., 1994; Vigier et al., 1997).  From studies in Ontario, fumonisin B1 
accumulation was highest in environments with above average temperatures and below 
average rainfall following pollination (Miller et al., 1995).  Results from a multi year study in 
Nebraska show consistently higher rates of kernel colonization by F. verticillioides in 
dryland vs. irrigated plots (Arino & Bullerman, 1994).  From a multi year study in 
Mississippi, fumonisin B1 concentrations in grain were up to 5 times higher in a season with 
above average temperatures and below average rainfall, compared to a season that 
approximated 70 year averages for temperature and rainfall during the growing season 
(Abbas et al., 2002).  Similar results were reported from a multi year study in Poland, where 
highest concentrations of fumonisins were recovered from the growing season with the 
hottest and driest summer (Pascale et al., 2002).  Increased planting density may induce crop 
drought stress via increased competition for soil moisture, if irrigation is not concomitantly 
increased with planting rate.  Higher planting density has indeed been associated with 
increased Fusarium ear rot severity and fumonisin B1 accumulation in Argentina, though 
physiological drought stress as a result of higher plant population was not addressed by the 
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study (Blandino et al., 2008). Suspension of irrigation at flowering was not associated with 
higher levels of European corn borer ear herbivory or fumonisin B1 concentration in Italy 
(Alma et al., 2005).   
Many different insect species are associated with Fusarium ear rot.  Insects serve as 
vectors and create wounds that become infection sites for F. verticillioides.  Farrar and Davis 
(1991) determined that severity of Fusarium ear rot in California was highly correlated with 
intra-ear populations of western flower thrips (Frankliniella occidentalis Pergande).  In field 
and greenhouse studies, European corn borer (Ostrinia nubilalis Hubner) was capable of 
transporting microconidia of F. verticillioides from leaves into ears, causing kernel infection 
(Sobek & Munkvold, 1999).  Ears damaged by caterpillars of European corn borer and corn 
earworm (Helicoverpa zea Boddie), routinely exhibit higher levels of Fusarium ear rot and 
fumonisin concentrations compared to less damaged ears (Clements et al., 2003; Dowd, 
2000; Munkvold et al., 1999).  The nitidulid beetle complex (Carpophilus spp.; 
Glischrochilus quadrisignatus) is attracted to plant volatiles and caterpillar frass of European 
corn borer and corn earworm in wounded ears, and may cause additional wounding that 
promotes infection, as well as transporting fungal propagules of F. verticillioides (Dowd, 
1998; Windels et al., 1976).  Volatiles produced by F. verticillioides may also be attractive to 
nitidulid beetles and indicate a relationship between the fungus and the beetle, though this 
association has not yet been clearly demonstrated in the field (Bartelt & Wicklow, 1999). 
Host plant resistance is the most prevalent tool currently employed by producers to 
manage Fusarium ear rot.  Results of a multi-state field screen of diverse inbred lines in F1 
hybrid testcross combination suggest resistance is conferred by several dominant alleles 
(Clements et al., 2004).  Due to its multigenic nature, the precise mechanisms of host plant 
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resistance are not yet fully understood, though several contributing resistance factors or 
phenotypes have been identified.  Husk leaves that extend beyond the ear tip and adhere 
tightly to the developing ear exclude insects, including western flower thrips, and exhibit less 
Fusarium ear rot (Warfield & Davis, 1996).  However, long and tight husk leaves slow field 
drying, and are generally considered undesirable by most breeders in the U.S. Midwest. Seed 
companies generally select for hybrids that do not exhibit the silk-cut phenotype, 
characterized by lateral splits in the kernel pericarp, most often observed late in the grain 
filling stage under conditions of high heat and water stress, and almost always associated 
with severe Fusarium ear rot infection (Odvody et al. 1997).  The environmental and/or 
physiological mechanisms underlying the silk-cut phenotype are not understood.  Recent 
breeding and heritability studies suggest that selection against visible Fusarium ear rot 
symptoms should be an effective method to reducing susceptibility to fumonisin 
contamination (Robertson et al., 2006).   
Transgenic (Bt) hybrids encoding the Cry1Ab protein in ear tissues exhibited lower 
levels of Fusarium ear rot and fumonisin B1 contamination than non-transgenic isohybrids, 
under similar levels of European corn borer infestation (Clements et al., 2003; Dowd, 2003; 
Munkvold et al., 1997a; Munkvold et al., 1999).  Transgenic hybrids encoding the Cry1F 
protein, similar to hybrids encoding the Cry1Ab protein, are resistant to feeding by European 
corn borer, with the additional benefit of resistance to feeding by western bean cutworm, 
Striacosta albicosta (Smith) (Catangui and Berg, 2006; Eichenseer et al., 2008).  Resistance 
to feeding reduces the risk of fumonisin B1 contamination when infestations by these species 
occur.  Transgenic Bt hybrids do not appear to reduce mycotoxin contamination associated 
with corn earworm feeding (Clements et al., 2003).  Bt hybrids do not confer resistance to 
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other ear infesting insects, such as nitidulid beetles or thrips, or any associated fumonisin B1 
contamination. 
Regional surveys suggest fumonisin contamination is essentially a worldwide risk 
wherever maize is grown, though certain environments are more at risk than others 
(Munkvold and Desjardins, 1997, Placinta et al., 1999).  US surveys of the northern Corn 
Belt suggest maximum contamination levels 5 to 38 mg/kg, and average levels of of 1 to 3 
mg/kg (Munkvold & Desjardins, 1997).  Surveys of other regions of the US, including 
Tennessee, North Carolina, and Georgia indicated average fumonisin B1 concentrations of 1 
to 10 mg/kg in 49% and 36% of samples respectively, versus 23% and 10% of Midwest grain 
samples in the same years (Anderson and Dolezal, 1993). 
Robust, field-based models to predict Fusarium ear rot and fumonisin B1 
contamination in grain production environments have been elusive, most likely due to the 
complexity of interactions between numerous abiotic and biotic disease factors.  A multiple 
regression model for predicting fumonisin B1, from insect damage, temperature and 
precipitation data from Argentina and the Philippines, accounted for more than 82% of 
variation in fumonisin B1 concentration ( p ≤ 0.0001) (de la Campa et. al, 2005).  Partial 
regression analysis of these data showed that insect damage accounted for 6% of variation, 
while the weather variables accounted for the remaining 76%.  A multiple regression model 
to predict Fusarium ear mold incidence based on Fusarium species, monthly air 
temperatures, monthly precipitation, and the putative mode of fungal entry, accounted for 
70% of variation of the disease across 56 Ontario locations from 1991 to 1993 (Vigier et al., 
1997).  Despite the relatively high precision of these models, the fact they are not broadly 
utilized in their current iterations to predict Fusarium ear rot or fumonisin B1 risks suggests 
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they either 1) have not been broadly validated, or 2) possess reduced predictive value when 
applied to environments outside those used to develop the models.  There is a need for 
further investigation into the environmental and cultural factors that influence Fusarium ear 
rot and fumonisin levels in maize grain.  
 The goals of this multi-year study were to:  
1.   Evaluate the variation in Fusarium kernel rot symptoms and fumonisin B1 
contamination in relation to U.S. locations, planting dates, hybrids, and ear-infesting 
insect pests. 
2.   Evaluate the association of two types of Fusarium ear rot kernel symptoms (visible mold 
and starburst), with fumonisin B1 contamination. 
Materials and Methods 
A field study was conducted in California, Kansas, Iowa, Tennessee, and Georgia, 
during the 2002 and 2003 growing seasons, as well as the 2002 / 2003 winter season in 
Hawaii.  Three conventional, non-transgenic Pioneer brand hybrids were used: one 
susceptible, one moderately susceptible, and one partially resistant to Fusarium ear rot, 
according to Pioneer Hi-Bred sales literature. 
Plots were sown to a density of approximately 74,000 plants per hectare on three 
dates at each site in each season, except Iowa, where only two planting dates were 
accomplished in 2002 due to excessive spring rains that precluded planting for several weeks.  
Soil fertility, herbicide program, and seedbed preparation were according to standard hybrid 
maize production practices for each region.   
Each open-pollinated plot measured two rows (1.52 m) by 6.10 m.  Six and four 
blocks (replications) of the three hybrids were planted for each planting date in 2002 and 
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2003 respectively.  Hybrids and planting dates were randomized within blocks.  Plots were 
bordered by eight rows (6.10 m) of hybrid corn on the sides, and 6.10 m strips of border 
hybrid on the ends.  Sites in Hawaii, California, and were drip and furrow irrigated, 
respectively, per local practice throughout each season.  Sites in Kansas and Georgia were 
irrigated by overhead sprinkler as needed during each season to minimize visible crop stress.  
Sites in Iowa and Tennessee were not irrigated.  Insecticides were not applied at any of the 
locations. 
Ears were evaluated twice for presence of and damage by insects associated with 
Fusarium ear rot.  Approximately 21 days after pollination (‘brownsilk’), three representative 
ears were manually removed from every plot, labeled, placed in sealed plastic Ziploc bags, 
and immediately chilled on ice.  Upon completion of field sampling, ears were refrigerated 
overnight at 2 C and shipped overnight on ice to the Pioneer Hi-Bred International 
entomology lab in Johnston, Iowa.  After receipt, and while still chilled, husk leaves and silks 
were carefully removed, and each ear was inspected under a 15X dissection scope.  The total 
number of thrips, regardless of development stage, was counted and recorded for each ear.  
Subsamples of thrips specimens were identified to species and confirmed Frankliniella 
occidentalis or Frankliniella williamsi using a published dichotomous phenotypic key (Reed 
et al., 2006), but the two species were not differentiated during enumeration.  Intra-ear thrips 
populations for three ears were averaged to estimate the average number per ear for each 
plot.   
A second evaluation of insect damage occurred at harvest.  The percentage of kernels 
damaged by lepidopteran larvae (primarily corn earworm and European corn borer), was 
visually estimated and recorded for each plot.  After the mature ear evaluation, ears were 
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shelled with a single-ear mechanical research sheller (Agriculex Corporation, Guelph, 
Ontario), and a one-pound sample was retained.  The one-pound sample was then dried 
below 15% (if necessary), packaged, labeled, and stored at 10° C and 50% relative humidity 
for subsequent kernel symptom assessments, mycotoxin analysis, and fungal isolations. 
Each kernel of a 30 gram subsample from each 454 gram plot grain sample was 
assessed in the laboratory for Fusarium ear rot symptoms.  Each kernel of the subsample was 
inspected at 15X magnification to determine if it 1) exhibited the starburst symptom (Fig. 
4.1), or 2) was visibly molded (Figs. 4.2—4.4).  Starburst kernels were characterized by 
white to pinkish streaks beneath the pericarp, radiating basipetally from the kernel silkscar.  
Kernels on which visible fungal mycelium could be seen were counted as molded.  At some 
locations, this symptom was predominantly associated with silk-cut (Figs. 4.2 and 4.3), 
though at others the visible mold was unaccompanied by the lateral pericarp splits that 
characterize silk-cut (Fig. 4.4).  Kernels that exhibited both the starburst and molded 
symptoms were counted as molded.  The fractional weights for each symptom type were then 
recorded and expressed as percentages of the total subsample weight (w/w %). 
From each plot grain sample, approximately 400 grams were analyzed for fumonisin 
B1 by the Pioneer Hi-Bred Grain Analysis Laboratory (Pioneer Hi-Bred International, 
Johnston, IA).  Samples were finely ground and a 3 gram sample was extracted for analysis 
by Enzyme-Linked-Immunosorbent-Assay (ELISA).  The ELISA is a competition format 
constructed with proprietary antibodies to fumonisin B1.  Pre-coated, stabilized plates were 
prepared by Beacon Analytical Systems, Inc.  Maize extract samples and horseradish 
peroxidase conjugated fumonisin B1 were co-incubated at 20-25C for 60-62min with shaking 
in the dark.  Substrate was added following washing of the plates.  The substrate reaction was 
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allowed to proceed for 30-32 min. at 20-25C with shaking in the dark.  The reaction was 
stopped and the resulting color intensity of the wells was read at 450nm.  The amount of 
fumonisin present in a sample was inversely proportional to the color intensity in the assay 
well.  Detection limits of the fumonisin ELISA ranged from 0.8 mg/kg to 2000.0 mg/kg. 
In addition to fumonisin B1 quantification, representative kernels from plot grain 
samples were cultured to confirm association of visible ear rot symptoms with Fusarium 
verticillioides infection.  Kernels were surface sterilized for 2 minutes in a dilute bleach 
solution, dried, and cultured on Nash-Snyder semi-selective medium (Nash & Snyder, 1962).  
After incubation for 5 days under ambient conditions in the laboratory, putative Fusarium 
colonies were transferred aseptically via hyphal tip to Carnation Leaf Agar (Leslie and 
Summerell, 2006) and incubated until sporulation.  Each culture was then observed under 
magnification for purity, growth habit, spore, and conidiophore morphology characteristics 
of Fusarium verticillioides (Leslie and Summerell, 2006). 
Data were analyzed using the mixed linear model function ‘Fit Model-Standard Least 
Squares’ and ‘Multivariate’ procedures in the JMP 7 software application (SAS Institute, 
Cary NC), and the ‘Multiple Regression’ function in the Statistica software application 
(Statsoft Inc, Tulsa OK).   To protect against redundancy (i.e. lack of independence among 
predictor variables), the semi-partial correlation was reported. The semi-partial correlation is 
a better indicator of the "practical relevance" of a predictor, because it is scaled to (i.e., 
relative to) the total variability in the dependent (response) variable.  Analyses of residuals 
indicated the need for data transformation for some variables to reduce heterogeneity of 
variance.  The ‘square root of the square root’ transformation gave the best improvement for 
percent starburst kernels, percent molded kernels, fumonisin B1, and intra-ear thrips 
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population variables.  Data for percentage of kernels damaged by lepidopteran insects were 
not transformed.   
For each year (2002, 2003) and location (California, Georgia, Hawaii, Iowa, Kansas, 
and Tennessee) a mixed linear model was used to estimate the influence of different effects 
on the variables of interest.  Model effects were location, hybrid, planting date, the 
interactions of location with hybrid and hybrid with planting date, as well as the random 
block (rep) effect.  Location interaction effects with planting date were not analyzed because 
of imbalance across locations for levels of the planting date effect.  Planting date means were 
compared within hybrids at each location, for each year, using Tukey’s “Honestly Significant 
Difference” (HSD) method (p ≤ 0.05).  Untransformed means for all variables are reported in 
tables. 
Data from across locations, years, genotypes, and planting dates were pooled, and 
correlation analysis was used to quantify the association of the Fusarium ear rot symptoms 
(percent molded kernels and percent starburst kernels), as well as insects (intra-ear thrips 
populations and percent kernels damaged by lepidopteran species) with fumonisin B1 
concentration.  Pooled data were similarly subjected to correlation analysis to evaluate the 
associations of insects with the two types of Fusarium ear rot symptoms. 
Mean maximum daily temperature (Tmax) and precipitation by base 10 C growing 
degree day (GDD) interval, location, intra-ear thrips population, and percent lepidopteran 
kernel damage were included as effects in a multiple linear regression model.  Using local 
weather data, the mean maximum daily temperature and mean precipitation for each of four 
700 GDD periods was calculated for each planting date at each location.  The GDD intervals 
were 0 to 700 GDD (‘early vegetative growth’), 700 to 1400 GDD (‘late vegetative growth’), 
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1400 to 2100 GDD (‘early reproductive growth’), and 2100 to 2800 GDD (‘late reproductive 
growth’).  The average GDD to flowering and physiological maturity for the test hybrids was 
1400 and 2800, respectively.  All factors were then considered in the multiple regression 
model as possible predictors of Fusarium ear rot symptoms and fumonisin B1 contamination. 
Results 
 Location, hybrid and planting date were all frequently significant effects ( p ≤ 0.05 ) 
influencing the percentage of molded and starburst kernels, as well as fumonisin B1. This was 
true especially in California and Hawaii, where the highest levels of disease severity occurred 
(Table 4.1).  Across years, the mean percentage of visibly molded kernels was as high as 
94.5% (2003) for hybrid A in California, and 78.5% (2002) in Hawaii (Table 4.2).  
Maximum mean starburst symptom incidences in California and Hawaii were 75.0% (2002) 
and 32.5% (2002), respectively (hybrid B).  Mean fumonisin B1 concentrations in California 
and Hawaii were as high as 590.2 mg/kg (2003) and 319.7 (2002) mg/kg, respectively 
(hybrid A).  In California and Hawaii, hybrid A tended to exhibit the highest proportion of 
visibly molded kernels, hybrid B the highest proportion of starburst kernels, and hybrid C the 
lowest overall rates of both Fusarium kernel rot symptoms.  Hybrid A also suffered the 
highest levels of fumonisin B1 contamination in both California and Hawaii, though hybrid B 
suffered similar concentrations in Hawaii.  Hybrid C suffered the lowest concentrations of 
fumonisin B1 in both locations.  In both locations, later plantings tended to suffer the highest 
rates of both Fusarium kernel rot symptom types and fumonisin B1, across hybrids (Tables 
4.2 and 4.3).  
In Georgia, Iowa, and Tennessee, Fusarium kernel rot severity and fumonisin B1 
concentrations were lower (Tables 4.2 and 4.3).  Maximum values for visibly molded kernel 
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percentages were 7.8% (hybrid B, 2002), 5.7% (hybrid A, 2002), and 5.5% (hybrid A, 2002), 
in Iowa, Tennessee and Georgia, respectively.  Maximum values for starburst kernel 
percentages were 8.5% (hybrid B, 2002), 11.5% (hybrid B, 2003), and 30.2% (hybrid B, 
2002), in Iowa, Tennessee and Georgia, respectively.  Hybrid was not a significant effect in 
Kansas, where Fusarium kernel rot severity and fumonisin B1 contamination levels were 
lowest.  For Georgia, Iowa, and Tennessee, differences among hybrids for Fusarium ear rot 
symptom types were less profound, but hybrid A still tended to suffer the highest percentages 
of visibly molded kernels, hybrid B the highest percentages of starburst kernels, and hybrid C 
the lowest percentages of both symptoms, with exceptions (Table 4.2).  Though planting date 
was often significant, there was no clear association of planting date pattern with disease 
symptoms or fumonisin within or across years for these locations. 
In California and Hawaii, where intra-ear thrips populations were appreciable, hybrid 
and planting date were also very significant factors influencing intra-ear thrips infestation 
(Table 4.3).  Maximum average intra-ear thrips populations were 161.8 (hybrid A, 2003), and 
99.8 (hybrid B, 2002), in California and Hawaii, respectively.  Similar to Fusarium ear rot 
symptoms and fumonisin B1 concentrations, later planting dates in both California and 
Hawaii suffered higher intra-ear thrips populations (Table 4.3).  The only other location to 
suffer appreciable intra-ear thrips infestations was Georgia, where maximum mean intra-ear 
thrips populations reached 32.2 (hybrid B, 2002).  Percent kernel damage attributable to 
lepidopteran larvae was not significantly influenced by hybrid variety, except in Iowa.  
Though not always statistically significant, the trend across years and locations was for 
higher rates of kernel damage by lepidopteran pests with successively later planting (Table 
4.4).  None of the hybrids used in this study were engineered to express Cry proteins (i.e. Bt). 
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Across the pooled dataset, intra-ear thrips (R = 0.78) was more strongly associated 
than percentage lepidopteran kernel damage (R = 0.37), with percent visibly molded kernels 
(Table 4.6).  A similar trend was observed for the relationship between these two types of 
insects and the starburst symptom of Fusarium kernel rot (Table 4.6).  The percentage of 
visibly molded kernels was highly correlated (R = 0.89) with fumonisin B1 concentration 
(Table 4.5).  Though significant, the correlation between starburst kernels and fumonisin B1 
(R = 0.18) was substantially weaker (Table 4.5). Intra-ear thrips populations were more 
strongly correlated with fumonisin B1 concentration (R = 0.83), compared to the correlation 
between percentage of lepidopteran kernel damage and fumonisin B1 (R = 0.34). 
The effects included in the multiple regression analysis accounted for a significant 
proportion of the variation in fumonisin B1 concentrations for this dataset (Adjusted R2 = 
0.84, S.E. = 0.64, F = 14.6, p < 0.0001) (Table 4.7).  Statistically significant model effects 
that influenced fumonisin B1 concentrations were intra-ear thrips populations (β = 0.86, p = 
0.0001), location (β = 0.67, p = 0.0037), mean daily precipitation between 1400 and 2100 
GDD (β = -0.254, p = 0.0035), and mean daily precipitation between 2100 and 2800 GDD (β 
= -0.184, p = 0.0251). 
Discussion 
The most severe disease levels, both in terms of incidence of molded kernels and 
fumonisin B1 contamination, were observed in California and Hawaii (Table 4.2).  Fumonisin 
B1 concentrations in late plantings of susceptible hybrids were substantially higher than 
reports from other corn production regions (Anderson and Dolezal, 1993, Clements et al., 
2004, Munkvold and Desjardins, 1997, Presello et al., 2007, Shelby et al., 1994), and in 
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many cases, far exceeded the FDA recommendations for all feed and food applications 
(CFSAN, 2001).   
This is the first report of fumonisin contamination of hybrid maize in Hawaii.  Maize 
grain production is essentially non-existent in the state, but the Hawaiian islands of Kauai, 
Oahu, Maui, and Molokai are strategically important to seed and biotechnology companies, 
who utilize the year round growing season to accelerate product research and development 
operations.  The importance of Hawaii to the seed industry has grown exponentially with the 
development and commercialization of transgenic crops, primarily corn and soybeans.  The 
value of the industry on Hawaii has grown by 13,000% in the last 40 years, and was 
estimated in 2006 to generate $144 million annually for the state’s economy (Loudat and 
Kastouri, 2006).  Transgenic and conventional corn production represent a majority of this 
investment, and loss of valuable seed to Fusarium kernel rot is a year-round concern for seed 
companies operating in Hawaii, and any long-term pattern of seed production failure due to 
severe Fusarium kernel rot could at least partially jeopardize the future of the industry in the 
state.  The results of this study confirm that Fusarium kernel rot is a significant disease of 
maize in Hawaii.  Given the strong association of intra-ear thrips infestations with visible 
symptoms and fumonisin B1, effective scouting and control of intra-ear thrips should reduce 
the risk of losses of high-value research and commercial seed production in Hawaii. 
After California and Hawaii, Georgia exhibited the highest levels of Fusarium kernel 
rot and fumonisin B1 contamination (Table 4.3).  Thrips were found within ears from the 
Tifton plots in 2002, though not at the high levels observed in Woodland or Waimea, and 
thrips counts were much lower in 2003.  This is the first published report of thrips within 
maize ears outside California (Farrar and Davis, 1991).  Damage by lepidopteran pests was 
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appreciable for all hybrid varieties.  Hybrid C was the most resistant hybrid in Tifton, but 
differences from hybrid A and B for disease and fumonisin B1 responses were not as 
dramatic, compared to the California and Hawaii environments. 
Disease levels during 2002 and 2003 in Iowa and Tennessee were lower than 
California, Hawaii, or Georgia, though aligned with historical reports for their respective 
regions (Munkvold and Desjardins, 1997).  Thrips were essentially absent from ears in both 
locations.  Western Kansas suffered severe drought in 2002 and 2003, yet Fusarium ear rot 
severity and fumonisin contamination were both very low.  This result is at odds with many 
studies in the literature that associate increased Fusarium ear rot severity and fumonisin B1 
contamination with excessively hot and dry conditions (Abbas et al., 2002, Alma et al., 2005, 
Arino and Bullerman, 1994, Miller et al., 1995, Pascale et al, 2002, Shelby et al., 2004).  This 
discrepancy may be explained in part by the use of irrigation in the Kansas plots to reduce 
crop stress.  No intra-ear thrips were observed, and lepidopteran insect damage was minimal.  
Given low disease levels, differences among hybrids were insignificant for the Kansas 
location (Table 4.2). 
Across locations, samples with visibly molded kernels had significantly higher levels 
of fumonisin B1 contamination, compared to grain samples with similar percentage of kernels 
showing the starburst symptom (Table 4.2).  Despite the inclusion of grain samples 
representing a wider range of fumonisin B1 contamination, the correlation with visible 
Fusarium kernel rot symptoms is consistent with reports from other studies (Presello et al., 
2007, Robertson et al., 2006).  However, these results suggest that the majority of fumonisin 
B1 can be found in visibly molded kernels, and indicate a weaker, though significant, 
association of the starburst symptom of Fusarium ear rot with fumonisin B1 contamination. 
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 Multiple regression analysis suggested significant influences of location, intra-ear 
thrips infestations, and lower average daily precipitation after flowering, upon fumonisin B1 
concentrations.  The effect of lepidopteran kernel damage upon fumonisin B1 contamination 
approached a significant level (p = 0.06).  The significant effect of location, presumed to be a 
unique combination and interaction of characterized and uncharacterized biotic and abiotic 
factors, is consistent with recent reports (de la Campa et al., 2005), though intra-ear thrips, if 
present, were not parsed from the location effect in that study.   In this study, it is doubtful 
that the location and intra-ear thrips effects are fully independent, and the model could at 
least in part be confounded.  The negative influence of precipitation during early and late 
plant reproductive stages upon fumonisin B1 is consistent with past reports, but is difficult to 
interpret, since 5 of 6 locations were irrigated, and presumably suffered little or no crop 
moisture stress. 
 Given reports of the strong association of intra-ear thrips populations with Fusarium 
kernel rot symptoms and fumonisin B1 contamination, producers in regions within the 
international host range of Frankliniella spp., especially F. occidentalis and F. williamsi, 
should be aware of the relative risk to maize posed by this insect (Farrar and Davis, 1991).  
Comprehensive regional and global surveys of the incidence and severity of maize intra-ear 
thrips infestation, and association with Fusarium kernel rot and fumonisins, are non-existent.  
Intra-ear thrips infestation should be considered in regions where Fusarium kernel rot and 
fumonisin B1 concentrations reduce yields or exceed advisable levels, respectively.  
Countries with potential for thrips to influence Fusarium ear rot include Italy, Argentina, 
Mexico, Spain, South Africa, and Australia (OEPP/EPPO, 1989).  This study also confirms 
the strong association of visible symptoms of Fusarium ear rot with fumonisin B1, and 
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suggests that selection against reduced visible mold should reduce risk of fumonisin B1 
contamination to a greater magnitude than selection against starburst symptoms. 
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Table 4.1 Analysis of variance (ANOVA) for effects of hybrid and planting date on percentage of maize kernels with visible signs of 
Fusarium ear rot, percentage of kernels with the starburst symptom of Fusarium ear rot, fumonisin B1 concentrations (mg/kg), 
intra-ear thrips populations (#), and lepidopteran kernel damage (%), according to year and locationa.  Percentages of molded and 
starburst kernels, fumonisin B1 concentrations, and intra-ear thrips populations were transformed by the square-root of the 
square-root method to meet the assumptions of the ANOVA. 
   CA GA HI h 
Year Variable Source  df  F p > F  df  F p > F  df  F p > F 
Hybrid f 2 55.9 < 0.001 2 0.6 0.546 2 86.7 < 0.001 
Planting Date g 2 6.0 0.010 2 11.0 < 0.001 2 18.4 < 0.001 Molded  Kernels (%) b 
Hybrid x Plant Date 4 0.9 0.485 4 1.8 0.136 4 4.7 0.006 
Hybrid 2 16.1 < 0.001 2 19.0 < 0.001 2 19.1 < 0.001 
Planting Date 2 2.4 0.121 2 8.1 0.001 2 19.2 < 0.001 Starburst  Kernels (%) b 
Hybrid x Plant Date 4 5.4 0.005 4 0.3 0.849 4 0.8 0.547 
Hybrid 2 59.5 < 0.001 2 1.3 0.288 2 91.5 < 0.001 
Planting Date 2 38.3 < 0.001 2 38.8 < 0.001 2 62.1 < 0.001 Fumonisin  B1 (mg/kg) c 
Hybrid x Plant Date 4 6.1 0.003 4 2.4 0.067 4 8.1 < 0.001 
Hybrid 2 9.5 0.002 2 1.0 0.364 2 35.8 < 0.001 
Planting Date 2 5.9 0.012 2 1.8 0.176 2 5.0 0.015 Intra-ear  Thrips (#) d 
Hybrid x Plant Date 4 2.1 0.127 4 11.6 0.000 4 0.8 0.546 
Hybrid 2 2.6 0.101 2 0.1 0.944 2 0.6 0.531 
Planting Date 2 1.5 0.244 2 70.9 < 0.001 2 4.0 0.031 
2002 
Lepidopteran  
Kernel  
Damage (%) e Hybrid x Plant Date 4 0.9 0.498 4 0.6 0.641 4 0.9 0.482 
Hybrid 2 239.4 < 0.001 2 1.7 0.207 - - - 
Planting Date 2 34.0 < 0.001 2 3.0 0.065 - - - Molded  Kernels (%) 
Hybrid x Plant Date 4 9.2 < 0.001 4 0.1 0.991 - - - 
Hybrid 2 52.6 < 0.001 2 0.4 0.660 - - - 
Planting Date 2 9.5 0.001 2 35.5 < 0.001 - - - Starburst  Kernels (%) 
Hybrid x Plant Date 4 8.5 < 0.001 4 1.6 0.216 - - - 
Hybrid 2 58.6 < 0.001 2 1.8 0.182 - - - 
Planting Date 2 43.6 < 0.001 2 20.5 < 0.001 - - - Fumonisin  B1 (mg/kg) 
Hybrid x Plant Date 4 4.5 0.007 4 1.1 0.365 - - - 
Hybrid 2 33.7 < 0.001 2 4.0 0.029 - - - 
Planting Date 2 30.5 < 0.001 2 4.0 0.029 - - - Intra-ear  Thrips (#) 
Hybrid x Plant Date 4 1.2 0.339 4 2.5 0.065 - - - 
Hybrid 2 0.5 0.640 2 0.2 0.828 - - - 
Planting Date 2 19.4 < 0.001 2 5.8 0.008 - - - 
2003 
Lepidopteran  
Kernel  
Damage (%) Hybrid x Plant Date 4 2.3 0.081 4 2.1 0.106 - - - 
a Planted locations were  Woodland (Yolo Co.), CA; Garden City (Finney Co.), KS; Johnston (Polk Co.), IA; Union City (Obion Co.), TN; Tifton (Tift Co.), 
GA; and Waimea (Kauai Co.), HI.   
b Each kernel of a representative 30 gram subsample of grain from each plot was categorized as ‘molded’ or ‘starburst’, and the weight of each category of 
kernels was expressed as a percentage of the total subsample weight for each plot.  
c A 454 gram grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration. 
d Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and 
counts averaged to estimate of the number of intra-ear thrips per plot. 
e Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
f Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature. 
g Plots were sown on planting dates considered early, normal, and late, compared to customary regional practice. 
h The study was conducted in Hawaii only during the 2002 season.  
i Due to adverse weather, there were only two planting dates in Iowa during the 2002 season.  
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Table 4.1 Continued 
   IA i KS TN 
Year Variable Source  df  F p > F  df  F p > F  df  F p > F 
Hybrid 2 8.5 0.003 2 1.3 0.279 2 7.1 0.002 
Planting Date 1 5.2 0.036 2 1.9 0.162 2 5.5 0.007 Molded  Kernels (%) 
Hybrid x Plant Date 2 0.9 0.431 4 1.7 0.171 4 1.4 0.250 
Hybrid 2 2.0 0.172 2 0.7 0.487 2 0.4 0.665 
Planting Date 1 4.4 0.050 2 0.4 0.702 2 2.2 0.127 Starburst  Kernels (%) 
Hybrid x Plant Date 2 0.5 0.615 4 1.0 0.415 4 0.2 0.920 
Hybrid 2 5.8 0.012 2 1.3 0.280 2 1.8 0.181 
Planting Date 1 1.3 0.260 2 7.7 0.002 2 8.5 0.001 Fumonisin  B1 (mg/kg) 
Hybrid x Plant Date 2 1.0 0.372 4 0.8 0.521 4 0.9 0.483 
Hybrid 2 0.5 0.616 2 2.2 0.124 2 3.4 0.043 
Planting Date 1 2.0 0.175 2 1.5 0.241 2 6.0 0.005 Intra-ear  Thrips (#) 
Hybrid x Plant Date 2 0.5 0.616 4 1.5 0.217 4 1.5 0.222 
Hybrid 2 4.4 0.028 2 1.7 0.188 2 2.8 0.071 
Planting Date 1 51.4 < 0.001 2 2.2 0.120 2 15.7 < 0.001 
2002 
Lepidopteran  
Kernel  
Damage (%) Hybrid x Plant Date 2 1.9 0.180 4 0.4 0.829 4 1.6 0.191 
Hybrid 2 9.1 0.001 2 0.7 0.502 2 15.3 0.000 
Planting Date 2 12.9 < 0.001 2 0.8 0.450 2 1.3 0.279 Molded  Kernels (%) 
Hybrid x Plant Date 4 1.4 0.256 4 0.3 0.889 4 2.2 0.095 
Hybrid 2 4.0 0.030 2 2.9 0.071 2 18.8 < 0.001 
Planting Date 2 1.4 0.266 2 3.2 0.056 2 4.0 0.030 Starburst  Kernels (%) 
Hybrid x Plant Date 4 0.7 0.592 4 0.1 0.992 4 0.5 0.709 
Hybrid 2 6.3 0.006 2 0.6 0.566 2 6.2 0.006 
Planting Date 2 22.3 < 0.001 2 0.1 0.894 2 3.1 0.063 Fumonisin  B1 (mg/kg) 
Hybrid x Plant Date 4 0.6 0.637 4 0.6 0.681 4 1.1 0.357 
Hybrid 2 1.0 0.371 2 0.0 1.000 2 1.3 0.295 
Planting Date 2 1.0 0.371 2 0.0 1.000 2 3.8 0.035 Intra-ear  Thrips (#) 
Hybrid x Plant Date 4 1.0 0.410 4 0.0 1.000 4 1.3 0.304 
Hybrid 2 10.8 < 0.001 2 0.4 0.668 2 0.2 0.781 
Planting Date 2 5.6 0.009 2 0.8 0.477 2 1.0 0.381 
2003 
Lepidopteran  
Kernel  
Damage (%) Hybrid x Plant Date 4 0.4 0.777 4 0.2 0.916 4 3.1 0.031 
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Table 4.2 Comparisons of hybrid and planting date means for percent molded kernels and percent starburst kernels by year and 
location.  Values are least square means (n = 6 and n =4 for 2002 and 2003, respectively), though analyses of variance and mean 
separation tests were conducted on transformed data (square-root of square-root). Means within years, columns and locations not 
followed by the same letter significantly differ (Tukey’s HSD, p ≤ 0.05). 
   Molded Kernels (%) d Starburst Kernels (%) d 
     
Year Location a 
Planting  
Date b Hybrid A c   Hybrid B   Hybrid C   Avg Hybrid A   Hybrid B   Hybrid C   Avg 
1 23.7 B 0.3   0.0   8.0 12.0   13.0   0.0   8.3 
2 23.3 B 0.3  0.0  7.9 10.7  6.0  0.0  5.6 
3 81.3 A 0.7  7.7  29.9 5.7  75.0  3.0  27.9 
CA 
Average 42.8  0.4  2.6   9.4  31.3  1.0    
1 0.3 B 0.8  0.2 B 0.4 3.7 B 15.3  2.8  7.3 
2 5.5 A 1.5  2.5 A 3.2 12.5 A 30.2  5.7  16.1 
3 1.8 AB 1.5  1.2 A 1.5 3.8 B 13.0  4.2  7.0 
GA 
Average 2.6  1.3  1.3   6.7  19.5  4.2    
1 11.0 B 27.0  0.5  12.8 1.0 B 7.0 B 0.5 B 2.8 
2 65.8 A 57.0  1.0  41.3 3.3 AB 19.3 AB 1.0 AB 7.8 
3 78.5 A 57.8  1.8  46.0 11.5 A 32.5 A 5.0 A 16.3 
HI e 
Average 51.8  47.3  1.1   5.3  19.6  2.2    
1 3.8  5.0  0.5 B 2.8 0.0  3.0  0.0 B 1.5 
2 7.0  7.8  2.5 A 5.1 0.8  3.0  1.8 A 2.4 IA f 
Average 5.4  6.4  1.5   0.4  3.0  0.9    
1 0.6  0.3  0.0 B 0.3 0.2  0.0  0.0  0.1 
2 1.8  0.3  0.2 B 0.8 0.0  0.8  0.0  0.3 
3 1.1  0.4  1.4 A 1.0 0.0  0.4  0.2  0.2 
KS 
Average 1.2  0.4  0.5   0.1  0.4  0.1    
1 2.8  0.5  0.2 B 1.2 4.8  7.2  6.3  6.1 
2 5.3  1.8  4.0 A 3.7 4.8  7.2  5.3  5.8 
3 5.7  3.0  2.0 AB 3.6 7.8  9.5  7.3  8.2 
2002 
TN 
Average 4.6   1.8   2.1     5.8   7.9   6.3     
1 74.5 B 4.3 B 0.3 B 26.3 8.5 A 14.8 B 6.8 B 10.0 
2 86.3 AB 16.8 A 15.5 A 39.5 4.0 AB 51.3 A 32.3 A 29.2 
3 94.5 A 8.5 B 12.0 A 38.3 2.3 B 46.3 A 19.5 AB 22.7 
CA 
Average 85.1  9.8  9.3   4.9  37.4  19.5    
1 0.3  1.0  1.8  1.0 10.5 A 6.5 A 7.8 A 8.3 
2 0.0  0.3  0.8  0.3 1.5 B 0.5 B 1.0 B 1.0 
3 2.8  3.8  4.0  3.5 7.0 A 13.0 A 5.3 A 8.4 
GA 
Average 1.0  1.7  2.2   6.3  6.7  4.7    
1 0.0 B 0.3  0.0  0.1 0.0  0.8  0.8  0.5 
2 1.0 A 0.5  0.0  0.5 1.0  3.0  0.3  1.4 
3 1.5 A 2.3  0.3  1.3 0.0  2.3  0.5  0.9 
IA 
Average 0.8  1.0  0.1   0.3  2.0  0.5    
1 0.3  0.0  0.5  0.3 0.0  1.0  0.0  0.3 
2 2.0  0.8  0.8  1.2 0.8  3.8  2.0  2.2 
3 1.0  0.5  0.3  0.6 1.3  4.3  0.8  2.1 
KS 
Average 1.1  0.4  0.5   0.7  3.0  0.9    
1 0.5 B 1.0  0.0  0.5 0.3  3.0  0.0  1.1 
2 1.5 AB 0.5  0.0  0.7 1.3  8.0  0.5  3.3 
3 2.8 A 0.5  0.3  1.2 1.5  11.5  0.8  4.6 
2003 
TN 
Average 1.6   0.7   0.1     1.0   7.5   0.4     
a Planted locations were  Woodland (Yolo Co.), CA; Garden City (Finney Co.), KS; Johnston (Polk Co.), IA; Union City (Obion Co.), TN; Tifton (Tift Co.), GA; and Waimea (Kauai 
Co.), HI.   
b Plots were sown on planting dates considered early, normal, and late, compared to customary regional practice. 
c Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature. 
d Each kernel of a representative 30 gram subsample of grain from each plot was categorized as ‘molded’ or ‘starburst’, and the weight of each category of kernels was 
expressed as a percentage of the total subsample weight for each plot.  
e The study was conducted in Hawaii only during the 2002 season.  
f Due to adverse weather, there were only two planting dates in Iowa during the 2002 season.  
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Table 4.3 Comparisons of hybrid and planting date means for fumonisin B1 contamination (mg/kg), intra-ear thrips populations (#), 
and lepidopteran kernel damage by year and location.  Values are least square means (n = 6 and n =4 for 2002 and 2003, 
respectively), though analyses of variance and mean separation tests were conducted on transformed data (square-root of square-
root).  Means within years, columns and locations not followed by the same letter significantly differ (Tukey’s HSD, p ≤ 0.05). 
   Fumonisin B1 (mg/kg) d Intra-ear Thrips (#) e 
     
Year Location a 
Planting  
Date b Hybrid A c   Hybrid B   Hybrid C   Avg Hybrid A   Hybrid B   Hybrid C   Avg 
1 28.2 B 2.1   0.3   10.2 25.5   2.7   0.0   9.4 
2 44.2 B 5.3  0.4  16.6 6.1  0.7  5.1  3.9 
3 482.3 A 13.4  26.1  173.9 116.1  11.0  4.0  43.7 
CA 
Average 184.9  6.9  8.9    49.2  4.8  3.0    
1 0.2 B 0.8 B 0.0 B 0.3 22.7  22.7 A 7.7 B 17.7 
2 8.1 A 5.6 A 4.4 A 6.0 27.0  28.5 A 11.8 B 22.4 
3 2.9 A 3.1 A 4.5 A 3.5 12.5  6.7 B 32.2 A 17.1 
GA 
Average 3.7  3.2  3.0    20.7  19.3  17.2    
1 22.6 B 43.2 B 5.2  23.7 22.5  63.5  4.3  30.1 
2 211.7 A 170.4 A 12.9  131.6 32.8  69.0  3.3  35.0 
3 319.7 A 275.9 A 18.7  204.8 75.3  99.8  7.0  60.7 
HI f 
Average 184.7  163.2  12.2    43.5  77.4  4.8    
1 7.7  8.8  4.0  6.4 0.0  0.3  0.3  0.3 
2 4.0  13.4  1.0  7.2 0.0  0.0  0.0  0.0 IA g 
Average 5.8  11.1  2.5    0.0  0.1  0.1    
1 2.5  2.2  0.0  1.5 0.2  0.2  0.0  0.1 
2 0.8  1.6  1.8  1.4 0.0  0.0  0.0  0.0 
3 4.8  6.7  5.9  5.8 0.4  0.0  0.0  0.1 
KS 
Average 2.7  3.5  2.6    0.2  0.1  0.0    
1 5.3 B 6.7  1.5 B 4.5 0.5  0.8 A 0.2  0.5 
2 6.9 AB 12.4  12.5 AB 10.6 0.0  0.0 B 0.0  0.0 
3 17.0 A 10.2  11.4 A 12.9 0.5  0.3 AB 0.0  0.3 
2002 
TN 
Average 9.7   9.8   8.5     0.3   0.4   0.1     
1 114.0 B 24.5 B 2.6 B 47.0 71.3 B 13.8 B 6.3 B 30.4 
2 310.8 A 130.1 A 99.9 A 180.3 128.8 AB 67.0 A 49.8 A 81.8 
3 590.2 A 69.2 AB 80.5 A 246.7 161.8 A 81.5 A 41.5 A 94.9 
CA 
Average 338.4  74.6  61.0    120.6  54.1  32.5    
1 3.0 B 6.6 A 9.2  6.3 0.0  0.0  0.0  0.0 
2 1.1 B 0.5 B 2.1  1.2 1.0  0.0  0.0  0.3 
3 13.5 A 20.5 A 20.8  18.3 0.0  0.0  0.0  0.0 
GA 
Average 5.8  9.2  10.7    0.3  0.0  0.0    
1 0.8 B 1.2 B 0.0  0.6 0.0  0.0  0.0  0.0 
2 7.1 A 8.6 A 1.3  5.7 0.0  0.3  0.0  0.1 
3 9.6 A 10.8 A 5.0  8.5 0.0  0.0  0.0  0.0 
IA 
Average 5.8  6.8  2.1    0.0  0.1  0.0    
1 0.8 A 0.8  3.1  1.6 0.0  0.0  0.0  0.0 
2 3.1 A 3.0  0.0  2.0 0.0  0.0  0.0  0.0 
3 1.4 A 3.2  1.2  1.9 0.0  0.0  0.0  0.0 
KS 
Average 1.8  2.3  1.4    0.0  0.0  0.0    
1 2.0 A 0.0  0.0  0.7 0.0  0.0  0.0  0.0 
2 3.4 A 1.9  0.0  1.8 0.0  0.0  0.0  0.0 
3 5.7 A 6.6  0.0  4.1 0.0  0.0  0.0  0.0 
2003 
TN 
Average 3.7   2.8   0.0     0.0   0.0   0.0     
a Planted locations were  Woodland (Yolo Co.), CA; Garden City (Finney Co.), KS; Johnston (Polk Co.), IA; Union City (Obion Co.), TN; Tifton (Tift Co.), GA; and Waimea (Kauai 
Co.), HI.   
b Plots were sown on planting dates considered early, normal, and late, compared to customary regional practice. 
c Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature. 
d A 454 gram grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration. 
e Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and counts averaged to 
estimate of the number of intra-ear thrips per plot. 
f The study was conducted in Hawaii only during the 2002 season.  
g Due to adverse weather, there were only two planting dates in Iowa during the 2002 season.  
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Table 4.4 Comparisons of hybrid and planting date means for percent lepidopteran kernel damage by year and location.  Values 
are least square means (n = 6 and n =4 for 2002 and 2003, respectively). Means within years, columns and locations not followed by 
the same letter significantly differ (Tukey’s HSD, p ≤ 0.05). 
 
   Lepidopteran Kernel Damage (%) d 
    
Year Location a 
Planting  
Date b Hybrid A c   Hybrid B   Hybrid C   Avg 
1 16.7   16.7   6.7   13.3 
2 16.7  23.3  13.3  17.8 
3 23.3  16.7  16.7  18.9 CA 
Average 18.9  18.9  12.2   
1 3.3 B 1.7 C 3.3 C 2.8 
2 13.3 B 13.3 B 18.3 B 15.0 
3 35.5 A 38.3 A 33.3 A 35.7 GA 
Average 17.4  17.8  18.3   
1 17.5 B 15.0  22.5  18.3 
2 35.0 A 27.5  22.5  28.3 
3 32.5 A 32.5  25.0  30.0 HI
 e 
Average 28.3  25.0  23.3   
1 12.5  5.0 B 0.0 B 2.5 
2 22.5  20.0 A 20.0 A 20.0 IA f 
Average 17.5  12.5  10.0   
1 5.0  -0.2  1.7  2.2 
2 6.0  3.7  3.3  4.3 
3 15.0  8.5  4.0  9.2 KS 
Average 8.7  4.0  3.0   
1 0.0  1.7 B 0.0  0.6 
2 0.0  0.0 B 0.0  0.0 
3 6.7  11.7 A 3.3  7.2 
2002 
TN 
Average 2.2   4.4   1.1     
1 2.5 B 5.0 B 2.5 B 3.3 
2 30.0 A 17.5 AB 12.5 AB 20.0 
3 20.0 A 27.5 A 27.5 A 25.0 CA 
Average 17.5  16.7  14.2   
1 12.5  2.5  15.0  10.0 
2 2.5  0.0  0.0  0.8 
3 7.5  15.0  7.5  10.0 GA 
Average 7.5  5.8  7.5   
1 5.0  10.0  0.0  5.0 
2 10.0  17.5  2.5  10.0 
3 17.5  25.0  5.0  15.8 IA 
Average 10.8  17.5  2.5   
1 2.5  2.5  0.0  1.7 
2 5.0  5.0  2.5  4.2 
3 7.5  2.5  5.0  5.0 KS 
Average 5.0  3.3  2.5   
1 2.5  2.5  0.0  1.7 
2 7.5  0.0  7.5  5.0 
3 0.0  10.0  0.0  3.3 
2003 
TN 
Average 3.3   4.2   2.5     
a Planted locations were  Woodland (Yolo Co.), CA; Garden City (Finney Co.), KS; Johnston (Polk Co.), IA; Union City (Obion Co.), TN; Tifton (Tift Co.), 
GA; and Waimea (Kauai Co.), HI.   
b Plots were sown on planting dates considered early, normal, and late, compared to customary regional practice. 
c Commercially available Pioneer Hi-Bred grain hybrids, rated as ‘susceptible’ (A and B) or ‘resistant’ (C) to Fusarium ear rot in Pioneer sales literature. 
d Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
e The study was conducted in Hawaii only during the 2002 season.  
f Due to adverse weather, there were only two planting dates in Iowa during the 2002 season.  
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Table 4.5 Linear correlation analysis of insect data and Fusarium ear rot symptoms with fumonisin B1 concentration (mg/kg).  
Observations for all locations and years were pooled for the analysis (n = 423).  Percentages of molded and starburst kernels, as well 
as fumonisin B1 concentration data were transformed by the square-root of the square-root method. 
 
Variable1 Variable2 R 
Molded Kernels (%) a 0.89 
Starburst Kernels (%) a 0.18 
Intra-ear Thrips (#) b 0.83 
Lepidopteran Kernel Damage (%) c 
Fumonisin B1 (mg/kg) d 
0.34 
a Each kernel of a representative 30 gram subsample of grain from each plot was categorized as ‘molded’ or ‘starburst’, and the weight of each category of 
kernels was expressed as a percentage of the total subsample weight for each plot.  
b Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and 
counts averaged to estimate of the number of intra-ear thrips per plot. 
c Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
d A 454 gram grain sample was collected from each plot, ground, and subjected to analysis by ELISA to quantify fumonisin B1 concentration. 
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Table 4.6 Linear correlation analysis of insect data with Fusarium ear rot symptoms.  Observations for all locations and years were 
pooled for the analysis (n = 423).  Percentages of molded and starburst kernels, as well as intra-ear thrips data were transformed by 
the square-root of the square-root method. 
 
 
Variable1 Variable2 R 
Intra-ear Thrips (#) a 0.78 
Lepidopteran Kernel Damage (%) b 
Molded Kernels (%) c 
0.37 
Intra-ear Thrips (#) 0.33 
Lepidopteran Kernel Damage (%) 
Starburst Kernels (%) c 
0.24 
a Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and 
counts averaged to estimate of the number of intra-ear thrips per plot. 
b Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
c Each kernel of a representative 30 gram subsample of grain from each plot was categorized as ‘molded’ or ‘starburst’, and the weight of each category of 
kernels was expressed as a percentage of the total subsample weight for each plot.  
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Table 4.7 Multiple linear regression analysis (Adjusted R2 = 0.84, S.E. = 0.64, F = 14.6, p < 0.0001) of  location, average daily high 
temperature and precipitation during defined “base 10 growing degree day”  (GDD) periods of crop growth, intra-ear thrips (#), 
and lepidopteran kernel damage (%) effects, as  predictors of fumonisin B1. Intra-ear thrips (#) and fumonisin B1 (mg/kg) data were 
transformed by the square root of square root method.  Data were pooled across blocks and hybrids within each planting date for 
each location (n = 423).   
Effect Semi-Partial Correlation Coefficient Beta Std.Err. p-level 
Location a 0.252 0.67 0.20 0.0037 
Mean Tmax, 0 - 700 GDD b 0.060 0.17 0.22 0.4350 
Mean Tmax, 700 - 1400 GDD c 0.073 0.19 0.20 0.3473 
Mean Tmax, 1400 - 2100 GDD d -0.058 -0.21 0.28 0.4545 
Mean Tmax, 2100 - 2800 GDD e -0.001 0.00 0.18 0.9920 
Mean Daily Precipitation, 0 - 700 GDD f 0.034 0.07 0.16 0.6539 
Mean Daily Precipitation, 700 - 1400 GDD g 0.013 0.03 0.15 0.8640 
Mean Daily Precipitation, 1400 - 2100 GDD h -0.254 -0.37 0.11 0.0035 
Mean Daily Precipitation, 2100 - 2800 GDD i -0.184 -0.26 0.10 0.0251 
Intra-ear Thrips j 0.386 0.86 0.17 0.0001 
Lepidopteran Kernel Damage k 0.150 0.36 0.18 0.0626 
a Planted locations were  Woodland (Yolo Co.), CA; Garden City (Finney Co.), KS; Johnston (Polk Co.), IA; Union City (Obion Co.), TN; Tifton (Tift Co.), 
GA; and Waimea (Kauai Co.), HI.   
b Mean maximum daily temperature (C) from 0 to 700 (early vegetative) GDD. 
c Mean maximum daily temperature (C) from 700 to 1400 (early vegetative) GDD. 
d Mean maximum daily temperature (C) from 1400 to 2100 (early vegetative) GDD. 
e Mean maximum daily temperature (C) from 2100 to 2800 (early vegetative) GDD. 
f Mean daily precipitation (mm) from 0 to 700 (early vegetative) GDD. 
g Mean daily precipitation (mm) from 700 to 1400 (early vegetative) GDD. 
h Mean daily precipitation (mm) from 1400 to 2100 (early vegetative) GDD. 
i Mean daily precipitation (mm) from 2100 to 2800 (early vegetative) GDD. 
j Three representative ears were harvested from each plot 21 days after pollination; thrips of all developmental stages were counted for each ear, and 
counts averaged to estimate of the number of intra-ear thrips per plot. 
k Immediately prior to harvest, husks were removed from 5 representative ears in each plot, percentage of kernels damaged by corn earworm feeding was 
estimated for each ear, and individual ear estimates within each plot were averaged to represent corn earworm damage for the plot. 
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Figures
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Figure 4.1.  Kernels showing various severities of the starburst symptom associated with Fusarium ear rot.  Woodland, 
CA. 2002. 
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Figure 4.2.  Lateral splits typical of the silk-cut symptom, stained for visibility with 'fast green' dye.  Tifton, GA. 2002. 
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Figure 4.3. Representative examples of hybrid maize kernels exhibiting the lateral pericarp splits, perpendicular to the 
embryo axis, which are characteristic of the silk-cut symptom associated with Fusarium ear rot.  Kernels with the silk-cut 
symptom with visible mold growth were classified as molded in this study. Woodland, CA; Tifton, GA; and Waimea, HI. 2002. 
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Figure 4.4 Examples of hybrid maize kernels exhibiting visible signs of mold as a result of infection and subsequent 
colonization by Fusarium verticilliodes. Woodland, CA; Tifton, GA; Johnston, IA; and Waimea, HI. 2002 and 2003. 
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CHAPTER 5 
 
GENERAL CONCLUSIONS 
 
 
Summary 
 
 The focus of this dissertation was improving our understanding of the relative 
importance of location, planting date, drought stress, insects, and types of Fusarium ear rot 
symptoms upon Fusarium ear rot severity and fumonisin B1 contamination of open-pollinated 
commercial F2 hybrid grain.  Chapter 2 describes a managed drought stress study conducted 
during 2002 and 2003 in Woodland, CA.  Results of this study indicated that intra-ear 
infestations by western flower thrips (Frankliniella occidentalis) and/or corn thrips 
(Frankliniella williamsi) have a stronger positive association with Fusarium ear rot 
symptoms and fumonisin B1 contamination, caused by Fusarium verticillioides, compared to 
drought stress or corn earworm damage.  Resistant hybrids consistently had lower numbers 
of intra-ear thrips, due to longer and tighter husk leaves.  The positive association between 
thrips and Fusarium ear rot severity is consistent with past reports from the literature.  Intra-
ear thrips populations increased with later planting date in both years, as did Fusarium ear rot 
severity and fumonisin B1 concentration.  Insecticide treatment dramatically reduced intra-
ear thrips populations, as well as Fusarium ear rot severity and fumonisin B1 concentration, 
across planting dates.  These results suggest that the reported association between crop 
drought stress near flowering and increased severity of Fusarium ear rot could actually be a 
result of thrips 1) escaping hot and dry conditions by seeking refuge within succulent, 
protected maize ears, coupled with 2) higher reproductive rates of thrips in the high-
temperature environments often associated with drought conditions. 
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 Chapter 3 describes a study conducted in Waimea, HI and Woodland, CA during 
2002 and 2003.  The results of this study indicated that the immature stages of thrips 
development are critical to Fusarium ear rot severity and fumonisin B1 contamination in 
these environments.  Peak immature intra-ear thrips populations were observed 21 to 28 days 
after pollination in both locations.  Intra-ear thrips were controlled with insecticide 
application, which also dramatically reduced the rate of kernel silk-cut and fumonisin B1 
contamination.  Concomitant reduction of silk-cut with intra-ear thrips control suggests that 
thrips may be a primary causal factor of silk-cut.  This is the first published report of an 
association of intra-ear thrips infestation with the silk-cut phenotype. 
 Chapter 4 describes a study conducted in Waimea, HI, Woodland, CA, Garden City, 
KS, Johnston, IA, Union City, TN, and Tifton, GA during 2002 and 2003.  The results of this 
study indicated Waimea and Woodland with the highest levels of Fusarium ear rot severity 
and fumonisin B1 contamination.  These two locations also suffered the highest populations 
of intra-ear thrips.  Fusarium ear rot severity, fumonisin B1 concentration, and intra-ear thrips 
populations all increased with successively later planting date in Waimea and Woodland.  
Although comparable ear damage by lepidopteran pests was observed across all locations, 
Fusarium ear rot severity and fumonisin B1 contamination in Kansas, Iowa, Tennessee and 
Georgia were generally lower than Hawaii and California, and planting date effects were less 
demonstrable.  These results indicate that though thrips are not as prevalent as the 
lepidopteran pests of corn in most US corn production regions, where thrips do occur, they 
represent a very high-risk factor for severe Fusarium ear rot and fumonisin B1 contamination.    
The literature only reports intra-ear thrips infestations in California.  This dissertation 
indicates at least two additional regions (Hawaii and Georgia) that are at risk for this insect 
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pest, and associated high levels of Fusarium ear rot and fumonisin.  Given the worldwide 
distribution of both thrips and Fusarium verticillioides, as well as the very high associated 
levels of Fusarium ear rot severity and fumonisin B1 contamination presented in this 
dissertation, researchers and producers should carefully evaluate these risk factors in corn 
production regions throughout the world.  Analysis of F2 hybrid grain from across locations 
indicated a stronger positive association of the percentage of visibly molded kernels in a 
grain sample with fumonisin B1 concentration, as compared with the percentage of starburst 
kernels in a grain sample.  To reduce the risk of fumonisin B1 contamination, product 
development efforts should emphasize commercial candidates that best resist visible 
Fusarium verticillioides growth.  A multiple regression model of fumonisin B1 contamination 
indicated significant positive associations with location and intra-ear thrips, and a negative 
association with mean daily precipitation following pollination. 
 
